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PREFACE 


Fifteen years have elapsed since publication of the first edition of 
Petroleum Production Engineering/^ These have been years in which 
important advances have been made in the petroleum-producing industry. 
New and improved methods and equipment have been developed. Oil- 
field operations have been placed upon a more highly technical plane. 
The literature of the field of petroleum-production technology has been 
greatly expanded. A book published in 1924 can no longer adequately 
reflect the present state of development of this field and accordingly a 
new edition of '^Petroleum Production Engineering” has been prepared. 

Because of the greater technical knowdedge now availablCj it has been 
found desirable to present the new edition in two volumes of approxi- 
mately twice as many pages as comprised the single-volume edition of 
1924. The first of these two volumes, bearing the subtitle ^^Oil Field 
Development,” was published in 1934. The present volume, subtitled 
^^Oil Field Exploitation,” reviewing the producing phase of the petroleum 
industry, completes the second edition of this work. Nine of the twelve 
chapters comprising the second half of the first edition have been com- 
pletely rewritten and greatly expanded in preparing the present volume. 

In its new form, ^^Oil Field Exploitation” closely parallels the content 
of the author’s course in Petroleum Production Methods, as presented to 
groups of senior petroleum-engineering students at the University of 
California during recent years. The book is planned to provide the 
descriptive background for such a course and to furnish information 
that the student of petroleum engineering requires in gaining a proper 
perspective of the petroleum industry and a knowledge of its terminology, 
equipment and methods. Since the style is not overly technical, it is 
hoped that the volume may also serve the needs of executives, investors, 
technologists and others interested in the petroleum-producing industry, 
who seek an orderly review of the methods and equipment employed 
and of the physical principles controlling recovery of petroleum from its 
reservoir rocks. 

The literature of the field of petroleum technology is widely scattered. 
Many hundreds of technical papers have been reviewed in collecting 
material for the present volume. The author has also drawn upon 
information gained in supervising more than one hundred petroleum- 
technology theses and research projects, as well as upon experience 
gained in professional contacts with t^e petroleum-producing industry. 
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These contacts have led him into all the important oil-producing regions 
of the United States. 

It is hoped that the book may serve as a guide to the literature of the 
field, leading the reader to the most authoritative sources of information 
on each phase of petroleum-production technology. With this purpose 
in view, a selected and classified bibliography is appended at the end of 
each chapter. Superior numbers inserted throughout the text refer to 
similarly numbered references in the bibliography at the end of the 
chapter in which the reference occurs. In addition, many footnotes 
throughout the text contain references to specific material to which 
the reader may refer for more detailed information. 

It would be impossible within the brief space here afforded to mention 
the many sources of information upon which the author has drawn in. 
compiling this volume. However, in each case where the work of others 
has contributed information or ideas, an effort has been made to make 
acknowledgment by use of footnotes and bibliographic references as 
mentioned in the preceding paragraph. The author is indebted to 
manufacturers of oil-field equipment for permission to use many of 
the illustrations that appear throughout the volume. The names of the 
manufacturers granting such permission appear in connection with the 
illustrations in each case. The most prolific and authoritative sources of 
information, upon which the author has drawn heavily, include the 
publications of the U. S. Bureau of Mines, the American Institute of 
Mining and Metallurgical Engineers and the American Petroleum 
Institute. The author is also particularly indebted to the publishers of 
National Petroleum News for permission to reprint some of the material 
and illustrations published originally in articles in that publication 
prepared by the author. Above all, the writer is indebted to the Uni- 
versity of California, whose libraries and research laboratories have 
afforded a wealth of material, and where for more than twenty-five 
years he has been a student of the petroleum-producing industry. 


UNIVERSITY OF California, 
Berkeley, Calif., 

May , 1939. 


Lester Charles Uren. 



CONTENTS 

Page 


Preface v 

CHAPTER I 

Principles op Oil Drainage 1 


Lithologic character of the reservoir rock; reservoir conditions; properties of 
petroleum and associated natural gases and distribution of fluids in the 
reservoir rock. Natural forces responsible for expulsion of petroleum from 
its reservoir rocks: expanding natural gas; gravitational influences; encroach- 
ing edge water; compaction; classification of fields in accordance with 
expulsive forces dominant. Retentive forces restricting petroleum drainage: 
capillarity; adhesion; flow friction. Radial characteristics of flow toward a 
well: pressure and energy gradients. Factors influencing rate of produc- 
tion and ultimate recovery from oil-producing properties. Production 
characteristics of oil and gas wells; graphic production records; productivity 
indices. 

CHAPTER II 

Flowing Wells and Their Control 93 

Why wells flow. Character of the fluids and their relationship. Equipment 
of flowing wells. Classification of flowing wells: gushers and free-flowing 
wells ; intermittently flowing wells ; induced flow. Hydrodynamics of natural 
flow. Pressure control of flowing wells. Tubing of flowing wells. Records 
relating to flowing wells; subsurface sampling and pressure-recording 
devices. 


CHAPTER III 

Pneumatic Pumping OP Oil Wells 158 

The gas. lift: historical development and general features; factors influencing 
lift eiSiciency; advantages and disadvantages; gas-lift equipment and 
operating data. Special forms of gas lifts: intermittent-flow devices; 
displacement pumping; Proctor- Miller fluid-displacement pump; Beardmore 
stage lift; Hughes plunger lift. 


CHAPTER IV 

Mechanical Devices for Lifting Oil prom Wells 215 

Bailing. Swabbing. Rod-operated plunger-displacement pumps: cycle of 
operation; general features and types. Well tubing and tubing appliances. 
Sucker rods and rod appliances. Principles of operation of rod-operated 
pumps. Application of power in operation of oil-well plunger pumps: 
engines and motors for well-pumping service; band-wheel drives; Kobe gas- 
lift pumper; pneumatic pumping cylinders; mechanical pumping units; 
multiple-pumping systems. Rodless reciprocating pumps. Multistage 
centrifugal pumps. 


vii 


viii CONTENTS 

Page 

CHAPTER V 

Management of Wells to Secure Maximum Recovery 347 

Well accumulations: methods of removing them and preventing their forma- 
tion; sand control in well operation; types of perforated and screen pipe used 
in sand control; gravel packing; causes of formation and methods of removal 
of solid hydrocarbon accumulations and inorganic precipitates. Increasing 
drainage efficiency by formation of cavities about producing wells within 
the reservoir rock; acid treatment of wells. Maintenance of well eciuipmeiit; 
water exclusion in well maintenance. Factors influencing economic opera- 
tion of pumping wells; production costs. 


CHAPTER VI 

Secondary Methods of Oil Recovery 414 

Distribution of residual oil in a partially depleted reservoir rock; preliminary 
studies to determine applicability of secondary methods. Increasing 
recovery by applying vacuum to wells. Gas-injection methods of stimulat- 
ing oil recovery: pressure restoration; pressure* maintenance ; gas driving. 
Water flooding. Drainage of petroleum through mine openings. 

CHAPTER VII 

Preliminary Refining op Petroleum: Dehydration; Separation op Gas 

AND Suspended Solids 472 

Separation of suspended solids from crude petroleum. Separation of gas 
from oil: types of gas traps. Separation of water from crude petroleum: 
condition of water in petroleum; physical character of crude-petroleum 
emulsions; dehydration methods, including gravity-settling, heat-treatment, 
electrical, chemical, centrifugal and filtration methods; methods of reducing 
emulsification tendencies in oil production; water traps. 

CHAPTER VIII 

Gathering, Local Storage and Shipping op Petroleum; Gaging, Sampling 

AND Testing of Oil and Gas 521 

Initial storage of petroleum at the well. The oil and gas gathering S3^stems. 
Gaging in vertical cylindrical tanks; oil meters. Sampling crude petroleum. 

Field tests applied to crude petroleum: gravity tests; determination of 
percentage of water and suspended sohds. Gaging shipments of petroleum 
to transportation facilities. Gaging natural gas : open- and closed-flow meth- 
ods; types of meters. Testing natural gas: determination of gas density 
and gasoline content. 


CHAPTER IX 

Storage op Petroleum 579 

Oil-storage containers: types of steel tanks; steel-tank design and construc- 
tion; wood-stave tanks; reinforced-concrete tanks; concrete-lined reservoirs; 
earthen reservoirs. Factors of importance in selection of site and type of 
storage. Protection against hghtning, static electricity, fire and explosion 
hazards; fire prevention and control in oil-storage tanks and reservoirs. 
Methods of niinimizing evaporation losses in oil storage. Methods of 
minimizing corrosion of steel tanks. 


CONTENTS 


Page 

CHAPTER X 

Teanspobtation op Oil and Gas 635 

Pipe-line transportation of crude petroleum: historical development and 
principal features of the oil pipe line as a transportation medium; flow of 
oil through pipes, theoretical considerations; flow calculations; pipe-line 
design; types of pipe and character of joints used; pipe-line construction; 
pumps used in pipe-line transport of oil; pipe-line operation, maintenance 
and cost; protection of pipe lines against corrosion. Water transportation 
of petroleum. Railroad transportation. Motor-truck transport. Pipe-line 
transportation of natural gas: flow formulas; gas pipe-line design; gas com- 
pression and pressure regulation. 

CHAPTER XI 

Auxiliaky Plants and Departments on the Oil-producing Property . . . 686 
Oil-field shops, power plant, transportation and communication facilities. 
Administrative offices; laboratory and engineering equipment; store houses 
and tool racks; water supply; salt-water disposal; fire protection; accomoda- 
tions for employees; camp stores; oil-field buildings. 

CHAPTER XII 

Office Methods and Records 703 

Organization of oil companies. A system of accounts for an oil-producing 
company. Plant-depreciation and property-depletion records. Cost rec- 
ords. Payment of labor and distribution of labor expense. Purchase and 
distribution of supplies. Production records. Administrative reports. 


Author Index 735 

Subject Index . 739 



OIL FIELD EXPLOITATION 


CHAPTER I 

PRINCIPLES OF OIL DRAINAGE 

Before describing the various methods and appliances that are used in 
the production of petroleum, it will be advisable to consider certain 
fundamental concepts relating to its occurrence in nature, which influ- 
ence to an important degree all recovery systems designed to accomplish 
drainage of the oil from its reservoir rocks. Among these fundamentals 
we must consider the native properties of petroleum as it occurs when 
concentrated in commercial deposits, and particularly its relationship to 
natural gas and water, with which it is often associated. Attention 
must be given to the natural forces brought to bear upon the oil within 
the reservoir rock, which are responsible for its expulsion, and also to the 
retentive forces that resist and partly offset the forces of expulsion. 
The characteristics of flow of petroleum and the associated fluids through 
the reservoir rocks, and of conditions within the wells that influence 
flow, will be particularly significant. 

RELATION OF PETROLEUM ACCUMULATIONS TO GEOLOGIC 
STRUCTURE AND NATURAL FORCES OPERATIVE 

Volume I, Chap. I, of this treatise presented a brief review of the 
occurrence of petroleum in nature and of the natural forces operative in 
bringing about migration and accumulation. It was there explained 
that commercial deposits of petroleum are in practically all instances 
found where structural traps of various anticlinal forms have provided 
conditions favorable for accumulation. It was there shown that the 
forces responsible for migration of the oil from the source rocks in which 
it had its origin to the reservoir rocks in which we now find it include 
gravity, capillarity, earth pressure, the expansive effects of gas under 
pressure and the hydraulic force of flowing water. Hydrostatic pressure, 
compaction of sediments, diastrophism and other influences are but differ- 
ent expressions of certain of the primary forces mentioned. Generally 
speaking, these same forces are operative on the fluids stored within the 
reservoir rock when it is penetrated by a discovery well, though they 
have of necessity attained equilibrium. Let the equilibrium be dis- 
turbed in any way, however, as by local reduction of pressure within a 
■ ■ 1 . 
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penetrating well, and the same forces that geologic ages ago were respon- 
sible for accumulation of petroleum are immediately at man^s disposal 
today in bringing about expulsion from the reservoir rocks into the 
wells. 


LITHOLOGIC CHARACTER OF THE RESERVOIR ROCK 

It has been shown in the earlier volume of this work, to which refer- 
ence has been made, that petroleum and the associated natural gas occur 
within the pore spaces, crevices, joint planes, shrinkage and other types 
of openings in the reservoir rock; that they are generally under consider- 
able pressure, which is an expression of the static pressure of ^^edge w^ater” 
surrounding the oil ^^pooP'; and that they are prevented from escaping 
upward and laterally into surrounding formations by an impervious cap 
rock’^ that immediately overlies the reservoir rock. 

Reservoir rocks are usually sandstone, semiconsolidated sands, con- 
glomerates and limestones affording sufficient pore space to permit 
storage of fluids to the extent of 10 per cent or more of the total volume 
of the rock and having pore spaces sufficiently large and continuous to 
allow movement of fluids through them. Shales and clays may also 
contain important volumes of oil, but their pores are usually too small 
to permit of production from them at commercial rates. The lithologic 
properties of the reservoir rock are important in determining storage 
capacit}^, resistance offered to flow, the rate at wffiich fluids may enter 
the wells under the expulsive forces operative and the percentage of the 
original oil content that will be retained by the reservoir rock after the 
expulsive and retentive forces have come into equilibrium. The size 
and shape of the pore spaces, their continuity and the percentage of the 
total volume of the rock that they represent are determining factors. In 
sands and sandstones, the size and shape of the pore spaces will depend 
upon the size and form of the individual grains. Resistance offered to 
flow of fluids through the pore spaces wdll be determined by the size of 
the pore openings and by the form of the sand grains and nature of the 
surfaces that they present to the fluids. These properties will vary 
with the minerals of which the sand grains are composed. 

Lauer^® has classified the openings in rocks as either (1) original or (2) induced. 
The former classification includes drying or shrinkage cracks, pore spaces between 
crystalline grains, shell cavities and dolomitic cavities or those caused by chemical 
replacement of lime by magnesia. Induced rock openings may be fissures formed by 
folding, compressional brecciation or readjustments along joint or bedding planes; 
or they may be solution cavities formed by surface weathering. Openings formed in 
either of these ways may serve for oil storage and will later yield a part of their 
oil, provided that they are intercom municative. No doubt, examples of each type 
of rock opening can be found in various oil fields, but it seems probable that 
original pore openings are characteristic of sands and sandstone reservoirs, whereas 
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limestone reservoir rocks store most of their oil in cavities formed by solution and 
weathering. Porous limestones of this character, often found beneath unconformities, 
are important sources of oil in many fields. In such cases, the oil apparently 
has its origin in the shales deposited immediately above. Fractured shales may also 
serve as reservoirs. 

Lithologic Properties of Sands and Sandstones 

Sands and sandstones are a result of processes of sedimentation in 
which mineral fragments of assorted sizes and shapes are gradually fitted 
together and compacted by the weight of the superimposed strata. The 
sand grains are laid down under water, usually in such fashion as will 
result in tabular faces of grains assuming similar orientation, bringing 
them into close juxtaposition and usually developing a well-defined 
parallelism in the bedding planes. Small grains are deposited in the 
interstices between larger grains, and thus a condition approaching the 
maximum possible percentage porosity for unconsolidated sand is 
attained. Subsequent introduction of cementing material between the 
grains may consolidate them into a coherent mass, thus further reducing 
the percentage porosity and size of the pore openings. 

The individual grains of which sands and sandstones are composed occur in an 
infinite variety of forms and in all gradations of size from the finest ^‘dust^’ particles 
to coarse pebbles. They are crystalline fragments of the common rock-forming 
minerals that have been sufficiently hard to resist abrasion and disintegration during 
transportation by flowing water from their source to the point of deposition, which is 
perhaps, many miles distant. Their form and texture depend upon the mineral of 
which they are composed and the amount of abrasion that they have suffered. Some 
minerals, such as the micas, develop tabular forms and present smooth faces but 
ragged edges; others, such as calcite, tend to be angular, with well-defined edges and 
re-entrant angles; whereas still others, like quartz and the feldspars, are massive” 
and have smooth, sometimes highly polished surfaces. Sand grains are usually 
angular in shape when first formed, but the edges and corners become rounded off 
during transportation. They are then described as ^^subangular” or “rounded,” 
depending upon the extent to which abrasion has modified the original forms. 

Table 1, which presents screen analyses of typical oil-bearing sands and sandstones 
from various oil fields of the United States, shows that there is little or no uniformity 
in the size of grains, though it may be said that the bulk of the material is usually 
somewhat coarser than 100 mesh and finer than 28 mesh. * The sands of some regions, 
California, for example, are shown to be somewhat coarser than the prevailing sizes 
in other regions. 

Porosity of Sands and Sandstones. — In referring to the porosity’^ 
of a sand or sandstone in a quantitative sense, allusion is usually made 
to the percentage that the volume of the pore space bears to the total 
bulk volume. This varies within wide limits. Tests indicate values 

* For information on sizes of screen openings and methods of making and pre- 
senting the results of screen analyses of oil sands, the reader is referred to pp. 468-470 
and 475-477 of vol. I of this work, entitled “ Oil Field Development.” 
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ranging from aero to as much as 40 per cent.'^ Porosities in excess of 
30 per cent are uncommon, however, and most commercially productive 
oil sands range between 10 and 25 per cent. Although the lower limit 
of porosity may approach zero and values less than 10 per cent are not 
uncommon in w^ell-indurated sandstones, such rocks are seldom the source 


Table I. — Size of Component Gkains of Oil Sands prom Various Oil Fields 


Size of grains 












First Wall 


Layton 
sand, 
Okla., 
per cent 

Wayside 
sand, 
Okla., 
per cent 

Glenn 
sand, 
Okla., 
per cent 

Hickman 

Mesb. 

Millimeters 
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25.7 

27.5 

48 

65 

0.295 

0.208 

30.0 

22.4 

21.0 

4.8 
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16.9 

66 
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0.147 

16.7 

15.8 

14.7 

3.4 

17.9 
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12.5 

7.9 

4.8 
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of commercial oil production, even though they may be completely 
saturated with petroleum. Distinction must be drawn between the 
“absolute porosity,’' or total pore space available for storage of fluids, 
and the “effective porosity," which is a term applied to that portion of 
the pore space that is continuous and yields to drainage influences. Often 
a part of t!je original pore space is isolated by compaction and deposition 

* For iaforinatioia on methods of determining the porosities of oil sands and of 
displaying the results thereof, the reader is referred to pp. 463-468 and 478-479 of 
vol I of this work. , 
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of secondary cementing material, so that the imprisoned fluids may not 
escape without actual disintegration of the rock. 

Studies of sand porosity by C. S. Slichter of the U. S. Geological Survey* indicate 
that the porosity of a sand composed of unconsolidated spherical grains of uniform 
size is independent of the size of the grains and is dependent exclusively upon the 

Case! Cose 2 Case 5 










{After Graton and Fraser, Jour, of Geol.) 

Fig. 1. — Illustrating different ways in which spheres may be packed and the form of the 

resulting “pore spaces". 

arrangement of the grains. Slichter proved by mathematical methods that for 
spherical grains of uniform size, with the least compact arrangement (see Fig. 1), 
the porosity is 47.6 per cent, whereas for the most compact arrangement of grains the 
porosity is 26.9 per cent. Intermediate conditions, between the most and least com- 

* Slighter, C. S., Theoretical Investigation of the Motion of Ground Waters, 
U. S. Geol. Survey, ilnnwa? JKepi., Part 2, 1897-1898, 
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pact conditions, may presumably give porosities ranging between 26 and 48 per cent."^ 
In nature, of course, the sand grains are not truly spherical in form, and they are 
nearly always of assorted sizes; but Slichter’s conclusions are nevertheless of interest 
in indicating limiting values. Usually, owing to angularity and variation in size of 
grains, the porosity of a sand or sandstone will be somewhat less than the values 
specified for spherical grains. The original porosity is often greatly reduced by 
secondary cementation, which is active at one stage or another in most sedimentary 
formations. This involves precipitating from the contained fluids a new mineral 
substance on the surfaces of the sand grains and within their pore spaces. The extent 
to which secondary cementation has progressed is often the controlling factor in 
determining the prevailing porosity. 


Table II. — Size and Numbee op Poke Openings and Grain Surface Exposed to 
THE Oil in Oil Sands op Different Mesh in Close-packed Condition 


Mesh 

Diameter of 
spherical grain, 
mm. 

Minimum cross 
section of pore 
space between 
grains, sq. mm. 

Grain surface 
exposed to oil 
per cii. ft. of 
reservoir sand, 
sq. ft. 

1 

1 Millions of pores 
per cu. ft. of 
reservoir sand 

10 

1.661 

.1409 

764 

8.2 

14 

1.168 1 

.0697 

1,087 

23.6 

20 

.833 

.0355 

1,519 

65.2 

28 

.589 

.0177 

2,166 

184.6 

35 

.417 

.0088 

^ 3,048 

518.3 

48 

.295 

.0044 

4,300 

1,462.8 

65 

.208 ! 

.0022 

6,111 

4,174.3 

100 

.147 

,0011 

8,639 

11,837.0 

150 

.104 

.0005 

12,226 

33,405.7 

200 

.074 

.0003 

16,970 

92,739.4 

300 

.050 

.0001 

25,245 

300,670.1 


The form and size of the pore spaces between the grains will depend upon the 
shape and size of the grains, their arrangement with respect to each other and the 
extent to which secondary cementation has progressed. If it were possible to make 
a cast of the pore spaces between an assemblage of closely packed sand grains and the 
grains w^ere then removed, the form of the pore spaces thus revealed would be most 
irregular (see Fig. 1). Where tabular faces rest against each other, a very slender 
space of nearly uniform thickness is formed. Two or more such surfaces meeting 
along a line of contact form acute-angled recesses. Channels of communication 
between pores are usually slender constrictions that tend to make of each pore an 
almost separate rock-walled cell. Flow of fluids through a porous material of this 
character must necessarily be circuitous and erratic. 

Some idea of the size of the sand pores and of the openings between them may be 
gained by considering them to be formed between spherical grains of uniform size 
in the close-packed condition and by approaching the problem geometrically. The 
data of Table II have been computed on this basis. The cross-sectional area of the 

* Graton, L. H., and Fraser, H. J., Systematic Packing of Spheres—with Particu- 
lar Eelation to Porosity and Permeability, /owr. G^qL vol. 43, pp, 785"909, November- 
Deeember, 1936,. . 
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pore space is important in determining the rate of flow of fluids through the sand and 
the maximum diameter of gas bubbles that can pass through without distortion. 
It is interesting to note in connection with Table II, that 1 cu. ft. of 48-mesh sand, 
which is perhaps an average size for many oil-producing sands, has nearly 
billion pores in which oil may be stored and presents 4,300 sq. ft. of grain surface to 
direct contact with the oil. Furthermore, in flowing through sand grains of this size, 
the oil must pass through pore spaces only 0.004 sq. mm. in cross section. 

Lithologic Properties of Limestone Reservoir Rocks 

Limestone reservoir rocks differ markedly from sands and sandstones 
in the character of openings that they afford for oil storage and in the 
influence of these openings on the eflSciency of drainage. Pore openings 
in limestone are characteristically much less uniform in shape and size 
than those of sands and sandstones. Concentration of oil in limestone 
reservoir rocks seems to be less influenced by structure than in the case 
of sands and sandstones. Accumulations are, in the majority of cases, 
found immediately below unconformities. The rock openings, in such 
cases, are formed by solution and weathering and are extremely irregular 
in shape and distribution. They are usually much larger than the pore 
openings of sands and sandstones and, consequently, offer less resistance 
to drainage. Howard^*’ has classified porous limestones as follows: (1) 
limestones with primary porosity, (2) limestones with secondary porosity 
and (3) fractured limestones. Those having ^^primary porosity include 
chalk, oolitic limestone, primary crystalline dolomite and limestone 
and coral reefs. Limestones with secondary porosity’^ include those 
associated with former erosion surfaces and those with porosity developed 
as a result of mineralogical changes. Fractured varieties include strongly 
jointed limestone and limestones fractured as a result of crustal movement 
and mineralogical changes. Howard believes that fully 95 per cent of 
the known limestone oil reservoir rocks are to be classified in the second 
group, having porosity formed largely by weathering at former erosion 
surfaces. 

In some oil fields, the reservoir rock is composed of calcareous sands, 
which are formed either as a result of degradation or brecciation of former 
limestone masses. In. such cases, though composed of limestone, the 
reservoir functions as a sandstone reservoir, the oil being subjected to 
capillary and other influences characteristic of the granular rocks, as 
discussed in the preceding section. 

Permeability of Reservoir Rocks 

The permeability of a reservoir rock is a measure of the resistasnce 
offered by it to movement of fluids through its pore spaces. The standard 
unit of permeability, called the ^^darcy/' as adopted by the American 


8 


OIL FIELD EXPLOITATION 


Petroleum Institute,* is defined as “the rate of flow in milliliters per 
second of a fluid of 1 centipoise viscosity through a cross section of 1 
sq. cm. of the rock, under a pressure gradient of one atmosphere (760 
mm. Hg) per centimeter, and conditions of viscous flow.” For conven- 
ience, a subunit, the “millidarcy” (0.001 darcy), is generally employed 
in reporting rock permeabilities, rather than the darcy unit. Methods 
and apparatus for measuring permeability of rock specimens have been 
described in vol. I of this work (see pages 470 to 472). 


The fluid medium employed for measuring rock permeability may be either a 
liquid (oil or water) or a gas, and the following formula applies in either case: 

^ _ uQL 
^ A{Pi-P,) 


In this formula, K is the permeability in darcys; u is the viscosity of the liquid or gas; 
Q is the volume of fluid passing through the specimen per unit of time; L is the length 
or thickness of the specimen through which flow occurs; A is the cross-sectional area 
of the specimen; and Pi and Pz are, respectively, the input and delivery pressures at 
the upstream and downstream faces of the specimen. When gas is used as the test 
medium, the volume Q is that measured at the mean pressure in the flow channel. 
This mean pressure may be computed by the following equation: 


P 



+ P2 - 


P 1 P 2 \ 
Pi-i-PzJ 


Here, P is the mean pressure. 

Tests on core samples of reservoir rocks from many fields have shown that the 
permeability may vary widely, f Some permeabilities are as low as 0.5 millidarcy, 
some as high as 3,400 millidarcys. 

There is no necessary relation between permeability and porosity. A rock may 
be highly porous and yet be impermeable, if there is no communication between pores. 
Fine-grained sands of uniform grain size may have high porosity, yet the pore spaces 
are small and offer high resistance to the flow of fluids. Nevertheless, it is usually 
true, at least in the case of unconsolidated sands, that highly porous sands are also 
highly permeable. 

Vertical and Lateral Variation in Lithologic Properties 
OP Reservoir Rocks 

An oil reservoir rock is not to be thought of as a body of sand, sand- 
stone or limestone of uniform characteristics throughout its full thick- 
ness, nor does it have the same lithologic properties in different parts of 
the productive area. Inspection of almost any outcrop where sedimen- 
tary beds are exposed will show that the lithologic properties vary mark- 
edly within short distances laterally, and normal processes of bedding 

*A.P.I, Code No. 27, “Standard Procedure for Determining Permeability of 
Porous Media. 

t FAN(UiEii, G. H., Lewis, J. A., and Babnes, K, B., Some Physical Characteris- 
tics of Oil Sands, Penn. State College Min. Ind. Expt. Sta., pp, 65-171, 1933, 
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result in important differences in texture, porosity and permeability in 
different component strata that make up the oil-yielding portion of the 
formation. Formations are often lenticular, sandstone members being 
interlaced with less permeable shales and sandy shales. The sand mem- 
bers pinch out^^ so that a particular stratigraphic horizon may be a 
porous, permeable sand body in one area and an impermeable, low- 
porosity sandy shale in another. Sands and sandstones are often cross- 
bedded.’^ Such conditions are common in shore-line deposits where 
sediments laid down in shallow water are influenced by seasonal varia- 
tions in rainfall, tides and changes in elevation. A limestone bed like- 
wise varies markedly in porosity and permeability at different points, 
though as a whole it may appear to be quite persistent and uniform in 
thickness. Such conditions are responsible for erratic drainage effects 
and marked differences in productivity of different areas. 

Definition of ^^Reservoie” 

An oil and gas reservoir may be defined as a body of porous and 
permeable rock containing oil and gas, through which fluids may move 
toward recovery openings under the pressures existing or that may be 
applied. All communicating pore space within the productive forma- 
tion is properly a part of the reservoir, which may include several or 
many individual rock strata and may encompass bodies of impermeable 
and barren shale. The lateral expanse of such a reservoir is contingent 
only upon continuity of pore space and ability of fluids to move through 
the rock pores under the pressures available. It will be observed that 
the reservoir is the formational production unit. 

Definition of ^^Pkoductive Zone” 

Frequently a considerable thickness, perhaps hundreds of feet, will 
be included within the productive formation. Seldom, however, will all 
of the beds so included yield or contain oil. The more permeable and 
porous beds may yield oil and gas; interstratified with them may be 
relatively ^Hight” beds of shale or sandstone that are barren or, if they 
contain oil, are so impermeable that they do not yield their contained 
fluids. If such a series of strata contains no well-defined and continuous 
body of shale or other impermeable material, or strata that are occupied 
wholly by water, it may be spoken of as a ^^productive zone.” A zone 
may be made up of lenticular bodies of sand and shale, some component 
members being productive, others not. Thus, a productive zone may 
comprise several or many individual reservoirs. Also, there may be 
several separate zones of production in a given structure, and they do 
not necessarily have the same lateral expanse. 
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Definition of “Productive Interval^’ 

In thick productive formations, for purposes of exploitation, the 
producer of oil and gas may so equip his wells that they produce only 
from a certain stratigraphic interval, which is properly called a “produc- 
tive interval.’^ A productive interval may include more than one zone 
of production unless intermediate water-yielding beds exist between, 
and, of course, several or many individual reservoirs may contribute their 
quotas. 

PROPERTIES OF PETROLEUM AND ASSOCIATED HATURAL GASES 
IN THE RESERVOIR ROCK 

The physical and chemical properties of petroleum and natural gas 
have been discussed in Chap. I, vol. I, of this work. It was there shown 
that crude petroleum is a mixture of hydrocarbons of highly variable 
color, odor, viscosity, density, surface tension, volatility and thermal value 
and that many different hydrocarbon compounds of several different 
hydrocarbon series may normally be present. The physical properties 
of petroleum as it exists within the reservoir rock at high pressures and 
temperatures, and containing much natural gas in solution, are quite 
different from those which we associate with the product after it reaches 
the surface. The viscosity, surface tension and density of the oil are 
lower in the reservoir rock, and, as a result, it moves with greater freedom 
through the rock pores. 


Reservoir Pressure 

The pressure to which fluids stored within the reservoir rock are 
subjected increases with depth below the prevailing water table in the 
formations communicating therewith. Thus, if the crest of an anticlinal 
reservoir is 5,000 ft. below an outcrop where rain water may enter the 
formations that contain the oil, and if the beds are maintained full of 
water to this point, unless the accumulated ground water is prevented 
from exerting its “head on the reservoir fluids by faulting or some other 
subsurface barrier, we may expect a static reservoir pressure equivalent 
to that developed by a column of water of this depth, or about 2,325 
lb. per square inch. This would be the pressure exerted on the fluids 
under static conditions, such as would exist before the “pool'' is pene- 
trated by a discovery w^elL After production begins, much lower pres- 
sures are the rule. Observations of initial reservoir pressures in many 
oil fields indicate that a rather close relationship exists with depth below 
the ivater table, and, if this depth is known or can be estimated, the 
approximate reservoir pressure may be predicted by multiplying the 
depth in feet by 0.465 lb. This is the pressure exerted by a column of 
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salt water containing 8 per cent total solids^ 1 sq. in. in cross section and 
1 ft. high. Deep-seated oil deposits not uncommonly exist at pressures 
of a ton or more to the square inch. 

Occasionally, pressures greatly in excess of any that might conceivably 
be created by the existing water head are encountered. It is believed that 
in such cases the reservoir has in some way become sealed, so that the 
contained fluids may not escape, and the formations have been subjected 
to compaction by pressures imposed by the weight of overlying sediments. 
Pressures as great as 64 per cent above the normal value have been 
experienced in some American Gulf Coast fields.* 

Reservoir Temperature 

Studies of the temperature gradient in a number of oil fields have 
indicated rates of temperature increase with depth, ranging from 1®F. 
for each 30 ft. to 1° for each 70 ft. Perhaps 1°F. for each 50 ft. would be 
an approximate average figure. If this figure were applicable, at a 
depth of 5,000 ft. below the surface, a temperature about 100^ higher 
than the normal surface temperature might be expected, whereas at 

10.000 ft. the probable temperature increase would be 200°F. If the 
mean surface temperature were 60°F., the reservoir temperature at 

5.000 ft. would be IGO'^F., and at 10,000 ft., 260°F. At such temperatures, 
the physical properties of the reservoir fluids are likely to be quite different 
than they are at normal atmospheric temperatures. 

Influence of Reservoir Temperature on Oil Viscosity. — Among the 
physical properties of petroleum that influence its drainage from the 
reservoir rock, none is so important as its viscosity. The viscosity of 
crude petroleum is generally greatly reduced by moderate increase in 
temperature, and the higher temperatures that prevail at depth within 
the earth make of it a markedly different product in this respect than 
it appears to be at normal atmospheric temperatures. The graphs of 
Fig. 2 show to what extent viscosities of typical crude petroleums are 
reduced at temperatures to which they are subjected within the reservoir 
rock. It will be noted that, at the temperature prevailing within the 
reservoir rock, an oil is likely to be reduced to less than half its normal 
absolute viscosity at ordinary atmospheric temperature. Such a condi- 
tion greatly reduces the frictional resistance offered by the sand to oil 
movement. As will be shown in a later section, the viscosity of the oil 
in the reservoir rock may be further reduced by solution of large volumes 
of natural gas at the high pressures existing at depth within the earth. 

* Cannon, G. B., and Craze, R. C., Excessive Pressures and Pressure Variations 
with Depth of Petroleum Reservoirs in the Gulf Coast Regions of Texas and Louisiana, 
Petroleum Development and Technology, 1938,” Am. Inst. Mining Met. Eng., 
pp. 31-38. 
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InflueEce of Reservoir Temperature and Pressure on Surface Tension 
of Petroleum. — ^Another pi^operty of petroleum that influences its drain- 
age from the reservoir rock is that of surface tension. This property of 
a liquid may be measured by either of three methods: the ^^capillary- 
rise method/' the “drop method" and the “ring method." Each gives 
a slightly different result, so that one should be used exclusively if 
comparable results are to be secured. The author has found the Du 
Noily Tensiometer, which utilizes the ring method, most convenient for 
use with oils. Harvey,* using the same instrument, has conducted a 



Fia. 2. — Graphs showing decrease in viscosity of various crude petroleums with increased 
temperatures encountered in deep-seated strata. 

series of tests on crude petroleums from many American oil fields and 
reports surface tensions ranging from 27 to 38 dynes per centimeter, 
averaging about 31 dynes. Tests made by the capillary-tube method 
will generally give lower Values. Surface tension of petroleum is decreased 
by increase in temperature and increased by increase in pressure, f As 
will be pointed out in a later section, however, this latter tendency is 
normally offset at elevated pressures by the presence of greater quantities 
of gas and light vapors in solution in the oil. 

* Habvby, E. H., The Surface Tension of Crude Oils, Ind. Eng. Chem., vol. 17, 
p. 85, 1925. 

t Pk.\n«s, C. K., and Bennett, H. T., The Surface Tension of Petroleum, /oMr. 
Ind. Eng. Chem., vol. 14, pp. 626-628, July, 1922. 
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Influence of Reservoir Temperature and Pressure on Volatility of 
Petroleum. — Being a mixture of many different individual hydrocarbons, 
each having its own vapor pressure, and in accordance with Dalton^s 
Law, behaving as though it alone occupied the reservoir, a most complex 
situation is presented in studying the vaporization tendencies of petroleum 
in the reservoir rock. Partial-pressure effects permit some hydrocarbons 
to vaporize at temperatures far below their normal boiling points. 
Increase in temperature promotes vaporization of the low-boiling com- 
ponents of petroleum. Increase in pressure promotes condensation 
from the vapor to the liquid state. On the assumption that both liquids 
and vapors are present in a reservoir before it is penetrated by a well, 
the liquid and vapor phases are in equilibrium. After production begins 
and pressure changes occur, the equilibrium condition is disturbed, and 
we may expect changes in state of the hydrocarbon content of the reservoir 
to occur. cov/s s' 

Properties of Natural Gas m the Reservoir 

Natural gas associated with petroleum in nature is a mixture of 
hydrocarbon and other gases and vapors, the composition varying widely 
in different fields. As explained in vol. I of this work (page 7), methane 
is nearly always the most abundant constituent, lesser amounts of 
ethane, propane and higher hydrocarbons, as well as certain impurities — 
such as nitrogen and carbon dioxide — being also present. Methane 
always exists as a gas, except in so far as it is dissolved in the oil or 
adsorbed on the mineral surfaces of the reservoir rock. Its critical tem- 
perature is below that possible within the earth’s crust, hence it may not 
assume the liquid phase. Ethane may be present in the reservoir at 
temperatures below 89°F., its critical temperature. If then the pressure 
exceeds 732 lb. per square inch, the critical pressure, it will be a liquid: 
otherwise, it will be a gas. Hydrocarbons of greater molecular weight 
than ethane exist in most reservoirs at temperatures below their critical 
temperatures, and pressures necessary to liquefy them are easily possible, 
even at moderate depths. Table III presents critical pressures and 
temperatures for the lower molecular weight hydrocarbons of the paraffin 
series, normally present in natural gases produced in association with 
petroleum. 

Consideration of the facts disclosed in the foregoing paragraph will 
provide an explanation for the variable characteristics of natural gases 
produced in association with different types of crudes and for the changes 
that occur in the properties of gases produced at different stages in the 
exploitation of the same field. Natural gases produced with high- 
gravity crudes are likely to contain larger percentages of ethane, propane, 
butane and other hydrocarbons of higher molecular weight. Gases 
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Table III. — Critical Points op Paraffin Hydrocarbons and Volumes op 

Vapors* 


Substance 

Critical 
temp., °F. 

Critical pressure, 
lb. per sq. in. 

Cu. ft. of vapor 
'per gallon of liquid 
! (at 760 mm. 
pressure) 

Methane (CH4) 

-117 

747 

61.1 

Ethane (C2H6) 

89 

1 732 

45.3 

Propane (CsHs) 

212 

1 674 

; 36.4 

Iso-butane (C4H10). 

273 

535 

30.8 

Normal butane (C4H10) 

304 

549 

31.6 

Iso-pentane (C5H12) 

370 

483 

27.2 

Normal pentane (CsHi^) 

387 

484 

27.5 

Normal hexane (CgHh) 

455 

437 

24.4 

Normal heptane (C7H16) 

513 

394 

21.7 

Normal octane (CsHis) 

566 

362 

19.6 


* From ^^Characteristics and Properties of Natural Gasoline/^ by P. S. Magruder, 
^'Petroleum Engineering Handbook/’ 1st ed., p. 309, Petroleum World, Los Angeles, 
Calif., 1930. 


associated with crudes of low A.P.I. gravity are ordinarily comparatively 
Gases produced from an oil reservoir in which the pressure is 
high con>sist chiefly of methane but become ^‘wetter” — i.e., carry larger 
percentages of condensable fractions — as the pressure declines. 

Changing Phase Properties op Hydrocarbons 

The physical state of each of the hydrocarbons in the reservoir rock 
is sometimes difficult of determination. The state of a particular hydro- 
carbon occurring as one constituent of a natural gas in association with 
other hydrocarbons will be influenced by partial-pressure effects. Dal- 
ton ^s Law of Partial Pressures states that the total pressure in a mixture 
of gases is the sum of the pressures that would be exerted by each of the 
components if it alone occupied the total volume. Each component in 
such a mixture exerts a partial pressure equal to the pressure that it 
would exert were it present alone in the same concentration, the total 
pressure being equal to the sum of the partial pressures of all of the 
components. The law holds approximately at low and moderate pres- 
sures but may lead to errors of considerable magnitude if applied to 
pressures of the order of 2,000 or 3,000 lb. Substitution of ideal corrected 
pressures, called ^'fugacities,” for the normal vapor pressures affords a 
means of making more accurate estimates at high pressures than are 
possible by application of the ordinary gas laws.^^ 

Consideration of the influence of high subsurface temperatures on 
the vapor pressure of hydrocarbons will often indicate that certain 
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compounds, such as. hexane, heptane and octane, produced as liquids 
at the surface, exist as vapors in the formation.* In the presence of a 
large percentage of methane, this is possible even though the high field 
pressure would normally produce condensation. Thus, it appears that 
light, colorless oils produced from the gas-cap areas of some California 
fields at rates of many hundreds of barrels per well per day, with a very 
high gas-oil ratio, really exist in the reservoir as vapor, though the reser- 
voir pressure is in excess of 1 ton per square inch. The vapor density at 
reservoir pressure may approach that of the same substance in liquid 
phase, and for all practical purposes it behaves as a liquid. With such 
high reservoir pressures and temperatures, important readjustments in 
the physical state of the component members of a hydrocarbon system 
may occur between the reservoir rock and the surface. Such readjust- 
ments no doubt also proceed within the reservoir rock where a considerable 
pressure differential exists between the reservoir and the well. 

Expansion of Natural Gas from Reservoir Conditions 
TO Surface Temperature and Pressure 

Reduction of pressure, as the mixture of gases and vapors is per- 
mitted to flow from the reservoir rock to the surface, is accompanied by 
rapid expansion and cooling. Vapors that escape condensation as a 
result of cooling undergo expansion to many times their formation volume. 
The ratio of volumes before and after expansion is a matter of con- 
siderable importance in estimating reservoir volumes from surface 
measurements. 

We customarily think of most gases and vapors as expanding approximately m 
accordance with Boyle’s and Charles’s laws. The relationship between the pressure, 
temperature and volume of a gas may be expressed by the equation PV — KT, in 
which P is the absolute pressure, V is the volume, T is the absolute temperature 
( =* 460 + degrees Fahrenheit) and K is a constant. Where a gas changes from one 
volume, pressure and temperature to another, we may express the relationship as 
follows: 

PV __ Pi7i. ^ ^ PVTi 

T Ti ’ PiT * 

In these expressions, P, V and T represent, respectively, the original pressure, volume 
and temperature, whereas Pi, Fi and Pi are the new pressure, volume and temperature 
after a change in conditions has occurred. Pressures and temperatures must be 
expressed in absolute units in each case. With the aid of these equations, we may 
predict the volume that a gas will occupy after it has been expanded and cooled from 
the volume that it occupied in the reservoir rock to the temperature and pressure at 
which it is measured at the surface, or vice versa, 

* Sage, B. H., and Lacey, W. N., Phase Equilibria in Hydrocarbon Systems, 
Ind. Eng. Chem., vol. 26, pp. 103-106, January, 1934. 
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As in the case of Dalton's Law of Partial Pressures, the elementary gas laws hold 
approximately true for low and moderate pressures and temperatures, but may be 
grossly misleading when applied to expansions from pressures of the order of 2,000 or 
3.000 lb. per square inch.* The situation is complicated by the fact that mixtures of 
gases and vapors do not behave as a pure gas, each constituent influencing the expan- 
sion of the others to some extent. U. S. Bureau of Mines technologists f have deter- 
mined the amount of deviation of the values of the product of pressure by volume at 
constant temperature for various natural gases up to pressures of 20 atmospheres 
(295 lb.). The observed deviations ranged from 12.3 to 4 per cent. In the case of 
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(After B. H. Sage and W. N. Lacey, Am. Petroleum Inst.) 

Fig. 3. — Graphs showing compressibility of natural gas produced from the gas-cap area of 
the Kettleman Hills North Dome field, California. 

one gas, which contained 79.2 per cent of methane and 19.6 of ethane, pressures as 
high as 523 lb. per square inch were applied, and the observed deviation from the 
perfect gas relationship was found to be as great as 15 per cent. Over the range of 
pressures applied, it apparently varied in straight-line relationship with pressure, the 
product P F becoming smaller as the pressure was increased. Sage and Lacey have 
determined the compressibility of gas-cap material from the crestal area of the Kettle- 
man Hills field, California, at temperatures ranging from 70 to 220°F. The results 
are presented in Fig. 3. The gas contains 83.19 per cent of methane, 8.48 per cent of 
ethane, 4.37 per cent of propane and smaller percentages of higher molecular weight 
hydrocarbons. 

The compressibility of pure methane has been studied experimentally by Kvalnes 
and Gaddy of the IT. S. Bureau of Chemistry and Soils. | Their work shows that 
deviation from the ideal gas may range over an interval of 25 per cent for pressures up 
to 3,000 lb. Burrell and Robertson have determined deviations for pure ethane and 

* Dayeufp, W., Deviations from Boyle's Law As Affecting the Measurement of 

High-pressure Gas, IFoHd, November, 1933, pp. 40“44. 

t Buerelu, G. a., and Robertson, I. W., The Compressibility of Natural Gas at 
High Pressures, IL S. Bur. Mines, Tecfe. Paper 131, 1916. 
t Am* Chem. Soc., vol. 53, 1931. 
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propane at a temperature of 15°C. for pressures up to 420 and 103 lb., respectively. 
They report deviations that vary in straight-line relationship with pressure at the 
rate of 0.9 per cent per atmosphere for ethane and 1.9 per cent per atmosphere for 
propane. The corresponding figure for methane is 0.228 per cent. 

From the preceding data, it would appear that natural gas ordinarily occupies 
a somewhat smaller volume in the reservoir rock than one might be led to believe by 
application of the gas laws to the volume of gas measured at the surface. 

Solution Capacity of Crude Petroleum for Natural Gas 

Natural gas associated with liquid petroleum in the reservoir rock 
may exist as free gas, it may be adsorbed on the exposed mineral sur- 
faces of the reservoir rock or it may be dissolved in the oil. In accord- 
ance with Henryks Law, the solubility of gas in an oil increases directly 
and in straight-line relationship with pressure. In some deep-seated 
high-pressure reservoirs, the oil may contain as much as 150 times its 
volume of dissolved gas. At a given reservoir pressure, the oil is capable 
of holding in solution a certain amount of gas and no more. It is then 
said to be saturated.” Any excess gas beyond that necessary to saturate 
the oil at the existing pressure will be trapped in the formation as free 
gas, generally at or near the crest of the structure in a ^^gas cap.” Petro- 
leum is not necessarily saturated with dissolved gas at the existing reser- 
voir pressure, even though surplus gas is available in the reservoir. The 
oil is in this case said to be undersaturated.” When a higher pressure 
exists than that at which the oil is saturated, subsequent' reduction of 
pressure by production results in no release of gas from solution in the 
oil, until a pressure is reached below that at which the oil is saturated. 
This is the ^^saturation pressure” or ^^bubble point” of the oil, the latter 
term signifying a pressure at which gas is released from solution and 
appears in the form of small bubbles of free gas in the oil. 

Dow and Calkin,® in a program of research conducted under the auspices of the 
XJ. S. Bureau of Mines, have determined the solubility of a comparatively “dry” 
natural gas at various pressures up to 330 lb. per square inch in various crude oils. 
Beecher and Parkhurst^ have also published the results of solubility tests in w^hich 
gases containing other hydrocarbons, in addition to methane, were used with various 
Oklahoma and Pennsylvania crudes up to pressures as great as 525 lb. per square inch. 
The results of these two series of tests are displayed in Fig. 4. It will be noted that 
the graphs are straight lines, indicating that the solubility is directly proportional to 
the pressure applied and that “dry” gas is less soluble than gases containing appreci- 
able percentages of higher hydrocarbons. Carbon dioxide, a gas often associated with 
natural gases, is shown to be even more soluble than the hydrocarbons, but .air is less 
so. It is also found that a given gas may be considerably more soluble in some crude 
oils than in others, the low-density crudes (i.c., those of high A.P.I. gravity) being 
capable of dissolving more gas than the heavier oils, * 

* Unm, L. C., Dissolved Natural Gas in Ground a Force That Aids Production, 
National Petroleum News, Jan. 26, 1927, p. 71. 
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Solubility tests reported by Dr. W. N. Lacey* were conducted at pressures as 
great as 2,400 lb. per square inch and at temperatures comparable with those at which 
petroleum exists at depths of 5,000 ft. or more below the surface. Figure 5 shows the 
solubility of gas produced from a well in the Kettleman Hills field of California, in 
oil from the same well, at three different temperatures. The oil had an unusually 
high A.P.I. gravity (61°). From these graphs it will be apparent that gas solu- 
bility in petroleum varies with the temperature, diminishing as the temperature rises. 
This is also indicated by the experiments of Dow and Calkin^ that show, for the 
particular gases and oils used, a solubility some 16 per cent less at 130°F. than at 70°F. 



(From a paper hy the author in National Petroleum News.) 
Fig. 4. — Graphs showing influence of pressure on solubility of natural gases in various oils 

at 70°F. 


Beecher and Parkhurst have contributed the graphs of Fig. 6. As prevailing ground 
temperatures at depths from which oil and gas are now produced are frequently in 
excess of the temperature at which the tests cited above were made, it is clear that 
consideration must be given to the temperature factor in studying solubihty under 
reservoir conditions. 

The experiments reviewed in the foregoing paragraphs were conducted by dissolv- 
ing gas in petroleum after it had been completely “weathered"’ of the gas and light 
vapors that it contained when originally produced. Investigations of U. S. Bureau of 
Mines technologists indicate that somewhat different solubility effects are secured 
when fresh oil and gas as produced at the well head are used.f For these tests, 

* Lacey, W. N,, Experiments on Rates of Solution of Oil and Gas, Am. Petroleum 
Inst., Bull 207, pp. 166-178, 1931. 

t Lindsly, B, E., “ Preliminary Report on an Investigation of the Bureau of Mines 
Regarding the Solubility of Natural Gas in Crude Oil,” “Petroleum Development and 
Technology, 1931,” pp. 252-278, Am. Inst Mining Met. Eng. 
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samples of oil and gas were collected as discharged from high-pressure gas traps in 
several fields, and the volume and character of the gases and vapors released from 
solution in the oil on reduction to atmospheric pressure was later determined. More 
recently, samples have been taken, with specially designed devices, at the bottoms of > 



{After W. N. Lacey in Xnternat. Petroleum Tech.) 

Fig. 6. — Graphs showing variation of solubility of natural gas in petroleum with pressure 

and temperature. 

high-pressure wells. In these tests, due to the presence of considerable proportions 
of ethane, propane, butane and higher hydrocarbon vapors, and the selective solu- 
bility of the oil on the several components of the gas, the pressure-solubility graphs 
failed to display the straight-line relationship characteristic of experiments with 
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{After Beecher and Parkhurst.) 

Fig. 6. — Graphs showing influence of temperature and pressure on solubility of natural gas 

in crude petroleum. 

weathered oils and “ dry ” gas. This is in accord with Dalton’s Law, which states that 
‘^when a mixture of gases dissolves in a liquid, each component dissolves in accordance 
with its own partial pressure; that is, each dissolves in the liquid as if all others were 
absent.” Figure 7 presents some of the data assembled in these experiments. It 
will be noted that within the range of pressures below 200 lb. per square inch, where 
propane, butane and higher hydrocarbons are being released from solution, the graphs 
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iirt! curves rather than straight lines.. However, in the region where methane is the 
principal gas evolved, the graphs are almost straight lines. The reason for the 

cinn — Hi!Is,Cdl,6i6°ARI.oil 
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{After B. E. Lindshjy Am. Inst. Mining Met. Eng.) 

Fig. 7. — Graphs showing solubility of natural gases in their associated crude petroleums at 

various pressures. 
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(After B. E. Lindsly, Am. Inst. Mining Met. Eng.) 

Fig. 8.— Graphs showing solubility of the several constituents of a “wet” gas in its 
Msociated 62°A.P.I. crude petroleum produced in the Kettleman Hills North Dome field, 
Oalifornia. 

variations in slope of the graphs is apparent when we examine the graphs of Fig. 8, 
which show the relative amounts of the several gaseous constituents in solution at 
different preOT|ps. These results are typical of those secured in inspection of gases 
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and oils produced in several different fields. It is apparent tliat, in such cases, we 
are dealing with mixtures of vapors and gases and that the gas laws may not therefore . 
be expected to apply with accuracy. , • . 



(After Mills and Heithecker^ U» S. Bur. Mines.) 

Fig. 9. — Graphs showing variation in volume of certain crude petroleums when saturated 
with Bartlesville, Okla., natural gas at various pressures. 


Influence of Dissolved Natural Gas on Oil Density and Volume. — 
Gas in solution in petroleum tends to increase its volume and A.PJ. 
gravity. Tests reported by Mills and Heithecker* of the U. S. Bureau of 
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(After Mills and Heithecker, U. 8. Bur. Mines.) 
-Graphs showing variation in density of certain crude petroleums when saturated 
with Bartlesville, Okla., natural gas at various pressures. 


Mines, using Bartlesville, Okla., gas dissolved in oils produced in cer- 
tain Oklahoma and California fields, yielded the results displayed 
graphically in Figs. 9 and 10. The changes in volume and A.P.I. gravity 

* Mills, R. V. A., and Heitheckek, R. E., Volumetric and A.P.I. Gravity 
Changes Due to Solution of Gas in Crude Oils, U. S. Bur. Mines Repts. of Invhsiigaiiom 
2893 , 1928 . 
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are found to be proportional to the amount of gas dissolved. However, 
an equal amount of gas dissolved in different oils does not result in equal 
changes. These tests were made by adding the dry gas to the weathered 
oil until they were saturated at the maximum pressures attained, noting 
density and volume changes and then releasing the pressure until atmos- 
pheric pressure is again reached. Owing to the tendency of the oils to 
remain supersaturated, the original volume and density are in some 
instances not regained on reduction to atmospheric pressure. This is 



{After W. N, Lacey ^ Am, Petroleum Inst,) 

Fig. 11, — Graphs showing variation in density of three crude petroleums on saturating with 
the same gas at different pressures. 

demonstrated by the dotted graphs of Figs. 9 and 10, which show the new 
equilibrium densities and volumes after releasing dissolved gas to atmos- 
pheric pressure for the oils used. It will be observed that only one of 
the three oils assumed its original weathered volume and density. 

Results of other tests designed to determine density changes within 
an oil by solution of gas under high pressure, reported by Lacey, are 
presented in Fig. 11. These tests were conducted by adding the gas to 
weathered oils. Again, a straight-line relationship between density and 
saturation pressure is disclosed. Lindsly,^ following the opposite plan 
of measuring the gases released from fresh oil collected under high pres- 
sure at the vrell-head, a method that gives expression to the influence of 
selective solubility of the higher molecular weight hydrocarbons, finds 

* See references on p. 18 . 
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that changes in volume are not necessarily directly proportional to 
changes in the solution pressure. With some oils, an important shrink- 
age loss was observed. For example, a 62° A.P.I. oil, produced in the 
Kettleman Hills field of California, lost 36 per cent of its volume by 



Pressure, pounds per square inch absolute 

(After B, E. Lindsly, U. S. Bur. Mines.) 

Fig. 12. — Graph showing shrinkage in volume of Kettleman Hills, Calif., 62° A.P.I. crude 
petroleum on liberation of dissolved gases. 


release of dissolved gases and vapors on reducing the pressure from 1,672 
lb. to atmospheric pressure (see Fig. 12). During this reduction in pres- 
sure, at a constant temperature of 70°F., the equivalent of 800 cu. ft. 
of gas per barrel of oil was released from solution. Experiments with 
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(After W. N. Lacey, Am. Petroleum Inst.) 

Fig. 13. — Graph showing change in volume of Santa Fe Springs, Calif., crude petroleum on 
saturating with dry gas from the same field at 100°F. 

Santa Fe Springs, Calif., gas dissolved in oil from the same field, a 36° 
A.P.I. crude, indicated volume loss as great as 20 per cent at a 
saturation pressure of 2,200 lb. per square inch (see Fig. 13). East 
Texas crudes shrink in volume by about 17 per cent by loss of dissolved 
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gas on reduction of pressure from reservoir pressure of 1,400 Ib. to 
atmospheric. 

Influence of Dissolved Natural Gas on Oil Viscosity and Surface 
Tension. — Gas in solution in petroleum has an important influence in 
reducing oil viscosity and surface tension. These are properties that 
largely determine the extent of retention of the oil in the reservoir rock 
by capillarity and adhesion, and the resistance to flow through the rock 
pores. Viscosity tests on crude petroleums containing varying amounts 



6cr^e Press i/re in Pomc/s per Pi^esrre Inch 

(From a paper hp the author in National Petroleum News.) 
Fig. 14. — Graphs showing influence of greater quantity of gas, soluble in crude petroleum 
at higher pre.ssure, on oil viscosity. 

of dissolved gas (i.e., at varying saturation pressures), performed by 
Dow and Calkin^ and Beecher and Parkhiirst,'^ show the extent to which 
viscosity diminishes as the amount of dissolved gas increases. Figure 
14 graphically presents certain of their results. It wdll be noted that, 
in one case, the relative viscosity of oil saturated with gas at 600 lb. 
per square inch pressure is only 42 per cent of the viscosity of the same 
oil at atmospheric pressure. Beecher and Parkhurst^ point out that 
certain crude petroleums have viscosities as low as that of kerosene when 
saturated with dissolved gas at pressures equivalent to those prevailing 
at depths of 4,000 ft. or more below the earth^s surface. Temperature 
alters the oil viscosity materially, as has been shown in an earlier section, 
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but the viscosity apparently suffers the same percentage decrease at 
elevated pressure, irrespective of the prevailing temperature. 

It seems probable that in the case of very ^^wet^' gases, containing 
high percentages of condensable vapors, the viscosity change may not 
be due entirely to mere solution of the gas in the oil but, rather, to actual 
change in the constitution of the oil through the addition of condensed 
hydrocarbons of low viscosity. Dow and Calkin® report that an oil 
having a viscosity of 577 sec. Saybolt at lOO'^F. was reduced to a viscosity 



{After W. N. Lacey, Am. Petroleum Inst.) 


Fig. 15. — Graphs showing reduction in surface tension of certain crude petroleums by 
saturating them with dissolved natural gas at elevated pressure. 

of only 54 sec. at the same temperature by addition of only 1 per cent of 
motor gasoline. 

Results of tests by Lacey* to determine the effect of dissolved natural 
gas on surface tension of a certain oil are graphically presented in Fig. 
15. It is shown that the surface tension was reduced in one case about 
84 per cent by saturating the oil with gas at a pressure of less than 1,600 
lb. per square inch. 

Fohmation Volumes op Hydrocarbon Mixtures 

The term formation volume is one applied to the volume occupied, 
when in equilibrium under reservoir conditions, by 1 cu. ft. of the oil as 
produced at the surface, together with the associated natural gas. Sur- 
face measurements are made at standard reference temperatures and 
pressures. The formation volume will, of course, vary with the reservoir 
pressure, with the gas-oil ratio and the saturation pressure of the oil. 
Sage and Lacey have determined the formation volumes of oil produced 

* See reference on p. 18 . 
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in the Dominguez field, California, for different pressures, temperatures 
and gas-oil ratios. The results are displayed in Figs. 16 and 17. Figure 
16 shows, for example, that at an initial formation pressure of 2,000 lb. 



(After B. H. Sage and W. N. Lacey, Am. Petroleum Inst.) 

Fig. 16.— -Graphs showing formation volumes of various oil-gas mixtures produced in the 
Dommgue25 field, California, 


per square inch and a temperature of 160°F. the volume of 1 cu. ft. of oil 
as produced at the surface with a gas-oil ratio of 2,000 cu. ft. per barrel 
is about 3,3 cu. ft. This interpretation ignores the fact that such a 
quantity of gas would probably be derived in part from oil left behind in 
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Formal ion volume^ cu.ft per cu.ft of oil at 160°E 
(After B. H. Sage and W. JV. Lacey, Am. Petroleum Inst.) ' 

Fio. 17. — Graphs showing formation volumes of various oil-gas mixtures produced in the 
Dominguez field, California. 

the formation. If one assumes a solution capacity of, say, 500 cu. ft. per 
barrel at the existing reservoir pressure and a reservoir temperature of 
160°F. and that there is no free gas in the formation, the formation volume 
would be only 1.3 CU. ft. (see Fig. 17). 
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Distribution of Fluids in the Reservoir 

Before wells are drilled, the reservoir fluids, including liquid petroleum, 
natural gas and water, are distributed throughout the reservoir primarily 
in accordance with their respective densities. However, structural varia- 
tions and selective capillarity also have influence in determining fluid 
distribution. If there is free gas in the structure, it will ordinarily be 
concentrated in a ^^gas cap’’ at the crest of the structure or at other local 
high points affording structural traps. Underlying the free gas in the 
reservoir will be the oil accumulation. As has been explained in earlier 
sections, much gas may also be in solution in the oil and adsorbed on the 
mineral surfaces within the oil-bearing portion of the reservoir. At still 
lower elevations, further down on the flanks and plunges of the structure, 
the reservoir rock will be occupied by edge water.* Often oil near the 
crest of the structure will be more nearly saturated with dissolved gas 
than oil further down the flanks in the vicinity of the edge-water line. 
Processes of accumulation frequently permit connate water, originally 
occup 3 dng the pores of all sedimentary rocks, to be trapped by influx 
of oil and gas, with the result that portions of the reservoir rock, pri- 
marily occupied by oil or gas, and far above and detached from the edge- 
water area, will be found to contain water. In many fields, small amounts 
of connate water will be found distributed more or less generally through- 
out the oil and gas-bearing formations, usually in the less permeable por- 
tions, f Ir some instances, the dips of the flanks of the structure are too 
slight or the density of the oil is so nearly that of the connate water that 
incomplete segregation and stratification of the fluids is effected, even 
in the more permeable portions of the reservoir rock. It is not unusual 
to find 10 to 20 per cent of the pore space of the reservoir within the oil- 
producing area occupied by connate water, though it may be so securely 
held by capillary forces that the wells produce little of it. Water may 
also contain natural gas in solution, though gas is less soluble in water 
than in oil. 

Distribution of oil, gas and water within the reservoir is not to be 
thought of as sharply defined within three zones. As explained above, 
the oil-bearing zone may contain considerable water. Also, the area 
occupied primarily by gas may contain some oil. The gas-oil and oil- 
water interfaces are not necessarily level planes. Near the crest of the 
structure, a well penetrating a series of oil- and gas-bearing sands, con- 

* For idealized illustrations picturing distribution of oil, gas and water in producing 
structures, see Chap. I, vol. I, of this work. , 

t Dunlap, E. N., Influence of Connate Water on Permeability of Sands to Oil, 
“Petroleum Development and Technology, 1938,” pp. 215-225, Am. Inst. Mining 
Met. Eng. 
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stituting a productive zone, may find some strata occupied by gas, some 
by oil Some yield higher gas-oil ratio production than others, and, 
around the perimeter of the productive area, some beds will yield oil, 
others edge water. Capillarity exerts an important influence in deter- 
mining the distribution of water. Capillary effects are more highly 
developed in fine-grained shales and sandy shales than in the coarser 
sands, and, since rocks develop a greater capillary attraction for water 
than for oil, we customarily find the shaly members barren of oil, whereas 
the interstratified coarse-grained sands carry such oil as may be present. 
The apparently barren character of the shaly members is accentuated by 
their lower permeability, for, even if they are saturated with oil, they 
tend to yield little of it to the wells. 

The so-called ‘^edge-water line,’^ which, theoretically, separates an 
area underlain by oil-saturated rocks from the surrounding barren area 
of water-saturated rocks, is a misnomer in that the boundary between the 
two areas may not be defined on a horizontal projection by a single line. 
More properly, the boundary between the two areas should be thought of 
as determined by a plane of contact between the two fluids, the horizontal 
width of which, on a map, would vary with the dip and thickness of the 
reservoir rock. The concept of a plane of contact between the oil and 
underlying edge water would be accurate if we were dealing with a 
reservoir rock of uniform dip, thickness and texture. In nature however, 
such a condition seldom if ever occurs. Often the reservoir rock consists 
of a series of sands and sandstones, more or less lenticular in form, inter- 
laced with lenses of shale, the whole constituting a productive zone 
rathc‘r than a single, well-defined body of rock of uniform lithologic char- 
acterisii(*s. In such cases, where the oil-water interface cuts across 
shale bodies or fine-grained, sandy strata, exercising greater than average 
capillary attraction, the water will be found at structurally higher eleva- 
tions than in coarse-grained sands having large pore spaces. The oil-water 
interface in a single reservoir thus takes on the aspect of an undulat- 
ing plane of irregular contour, with differences in elevation at different 
points around the periphery, rather than that of a horizontal plane. 

In a large structure, accumulating oil in the more permeable sands, 
it is but natural that more oil should be tributary to some portions of the 
structure than to others. Relatively more oil accumulates about the 
‘Tiose’^ of a plunging anticline, about domes superimposed on the flanks 
of an anticlinal structure or in a locality where the axes of two or more 
anticlinal folds intersect. More oil often occurs on the basinward flank 
of an anticline than on the mountainward flank. In accumulation, move- 
ment of oil and gas is primarily up the dip of the formation. Nature^s 
forces available for segregating oil and water are apparently often insuffi- 
cient to accomplish uniform lateral distribution along the strike of the 
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beds. Thickness and porosity of the reservoir sands, which determine 
their storage capacity, often vary markedly in different parts of the 
productive area of a field. For these reasons, we may expect to find the 
interface between the oil and edge water occurring at different levels 
along the perimeter of the productive area. The academic concept of 
the so-called edge-water line,^^ following some structure contour and 
occurring at the same level about the perimeter of the field, is often untrue 
in nature; indeed, it is characteristic to find the boundary between the 
oil and water cutting across structure contours and meandering up and 
down the structure in a most irregular fashion. In some fields, there is a 
well-defined tilting of the interface between the oil and edge water, it 
being much higher on one nose or flank of the structure than on the 
opposite. Likewise, if a primary gas cap exists, it may be eccentric with 
respect to the crest of the structure, the interface between the gas and 
oil in the reservoir rock being tilted. 

In multizone deposits, where two or more separate producing horizons 
underlie each other in the same structure, it would be unusual to find the 
productive areas conformable when projected to the horizontal plane of 
a map. Usually, we should expect to find the edge-water lines for the 
separate reservoirs at different distances from the axis of the fold and at 
different distances down the plunges. That is, the productive areas 
extend farther down the flanks or plunges in some zones than in others. 
Sometimes the lower zones have edge-water lines nearer the axis than 
overlying zones, but frequently the reverse condition is true. 

NATURAL FORCES RESPONSIBLE FOR EXPULSION OF PETROLEUM FROM 
ITS RESERVOIR ROCKS 

Petroleum flows from its reservoir rocks into penetrating wells as a 
result of operation of one or more of several natural forces that are 
latent within ail subterranean reservoirs.* These are: (1) the expanding 
force of high-pressure natural gas in the reservoir, (2) the buoyant force 
of encroaching edge water and (3) the force of gravity. To these might 
be added a fourth expulsive force, which may at times be effective: that 
due to the compaction of poorly consolidated reservoir rocks on release 
of formation pressure. The fluid pressures created by operation of these 
forces cause the reservoir fluids to move from areas of high pressure to 
areas of lower pressure in the vicinity of the recovery wells. t This 
movement is opposed by certain retentive forces inherent in the reservoir 

Versluys, J.j Energy Relationships in Oil-bearing ‘^^’ormations, Oil Weekly^ 
Oct. 15, 1934. 

t Stephensen, E. a., Fundamental Operating Pressurtss in Oil-gas Reservoirs, 
“Petroleum Development and Technology, 1935,’^ pp. 133-143, Am. Inst. Mining 
Met. Eng. 
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rock, which tend to resist displacement of the rock fluids, these being 
(1) capillarity, (2) adhesion and (3) pore friction. The magnitude of 
the forces resisting displacement of oil from the reservoir rock is influenced 
by the properties of the oil, particularly the oil viscosity, surface tension 
and density, as well as by the properties of the gas. Energy furnished by 
application of the expulsive forces is consumed in overcoming the resist- 
ing forces, and the extent to which oil may be displaced from the reservoir 
rock will depend upon their relative magnitudes and the extent to which 
the natural forces are controlled and utilized. 

Expulsion op Petroleum from the Reservoir Rock by 
Expanding Natural Gas 

Before an oil deposit is penetrated by a well, the several expulsive 
and retentive forces are in equilibrium. Penetration of the reservoir rock 
by a well and maintenance of a lower pressure within the well than that 
in the reservoir alter the equilibrium that previously existed, and oil 
and gas flow to^ward and into the well. If it is allowed to produce and a 
pressure differential between the reservoir and the well is maintained, 
flow will continue, the fluids always tending to move toward the low- 
pressure region about the well. Reduction of pressure on the fluids in 
the reservoir rock about the wall of the well permits release of gas from 
solution in the oil as soon as reservoir pressure falls below the saturation 
pressure, gas so released assuming the form of minute bubbles distributed 
through the oil mass. These bubbles, when first formed, are still under 
relatively high pressure, but as the pressure is further reduced by produc- 
tion of oil, they expand. As a result, the reservoir fluids expand to a 
new volume many times the original volume that they occupied in the 
reservoir, an expansion that causes a part of the oil to be forced through 
the pores of the reservoir rock, toward the areas of reduced pressure 
about the ’wells.*^ Since the pore space within the reservoir rock remains 
constant, it follows that as the gas escapes from solution and the total 
volume of fluid increases, either a volume of oil and gas equivalent to 
the volume of gas formed must be displaced from the reservoir, or the 
gas must find its way through the oil and escape to the wells. Such 
displacement of oil from the reservoir by release of gas from solution is 
often compared with the effect of releasing pressure within a siphon bottle 
of water charged with carbon dioxide under pressure. Just as bubbles of 
carbon dioxide gas suddenly appear in the charged water on release of 
pressure and flow with the water up the siphon tube, so, it is pictured, 
natural gas released from solution in the oil forces the latter through the 
reservoir rock and up the well to the surface. 

CJeek, L. C., Ptodacer Can Enlist Natural Forces to Help Take Oil from Ground, 
National Petroleum News, Jan, 1.9, 1927, p. 50. 
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The potential expulsive effect of expanding gas originally dissolved in the oil may 
be demonstrated by recalling the data on gas solubility presented in an earlier section 
(see page 17). It is shown, for example, in the graphs of Fig. 4, that the graph 
representing the approximate average of the eight different crudes there included 
indicates that a barrel of petroleum is capable of dissolving about 105 cu. ft. of dry 
natural gas at a 500-lb. pressure. The solubility was found to be directly proportional 
to pressure: hence, at 1,000 lb. per square inch a barrel of crude petroleum would be 
capable of retaining approximately 210 cu. ft. of gas in solution, and at 1,500 lb., 
315 cu. ft. Let us assume that an oil reservoir rock has a formation pressure of 
1,000 lb. per square inch and that each barrel of oil contains 210 cu. ft. of gas in 
solution. A barrel of oil occupies 5.6 cu. ft., and each cubic foot of oil would therefore 
contain 37.5 cu. ft. of dissolved gas. Now, if the pressure is reduced to atmospheric 
and the gas thus released from solution is retained within the oil in the form of bub- 



(From a “paper by the author in National Petroleum News.) 

Fig. 18. — Sketch illustrating escape of gas through partially drained channel in top of an 

oil-producing sand. 

bles, each cubic foot of the original oil will expand until it occupies 38.5 cu. ft. 
(37.5 +1). Space within the reservoir rock available for storage of oil and gas, 
however, remains constant, and, in order that expansion to atmospheric pressure may 
occur, 97 per cent (37.5 divided by 38.5) of the oil and gas must be expelled from 
the reservoir rock into the wells. Theoretical recovery of oil by gas expansion should, 
therefore, be 97 per cent from an initial pressure of 1,000 lb. From 500 lb. initial 
pressure, it would be nearly 95 per cent. 

Though the theoretical maximum recovery of oil from the reservoir rock by gas 
expansion is high, practically, the expansive effect of the dissolved and occluded gas is 
very imperfectly applied, so that the actual efldciency of extraction is much lower. - 
Actual recoveries in producing fields are reported by many authorities to be as low 
as 10 or 20 per cent. The reason for the low efficiency of gas expulsion, in all proba- 
bility, lies in the fact that the gas does not remain occluded within the oil after it is 
relea,sed from solution but escapes to the well outlets by ‘‘slippage’’ through the oil 
or “by-passing” through oil-drained channels above or within the oil mass (see Fig. 
18). Gas moves with greater freedom than oil through the minute pore spaces of the 
reservoir rock and monopolizes the drainage channels to the exclusion of the more 
viscous and slow-moving oil. 
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MecliaBics of Oil Expulsion by Gas Released from Solution.— If we assume that 
crude petroleuiii, as stored within the earth, is saturated with gas under high pressure, 
when the pressure is partly reduced by drainage of some of the oil and gas through 
wells, a portion of the dissolved gas will be released from solution and wall assume the 
form of minute bubbles. Each pore cell within the reseiwoir rock contains one^ or 
more gas bubbles, spherical in form in so far as the shape of the pore spaces permits, 
and separated from each other by films of oil, which occasionally break to permit two 
or more small bubbles to form larger ones. When first formed, these bubbles are 
exceedingly minute but are still under high pressure, and as the pressure within the 
reservoir rock is gradually reduced, they continually expand, thereby forcing the oil 
towa^rd the welt outlets. The pressure within the reservoir is, of course, not uniform 
but increases progressively as the distance from the well increases. Each expanding 



{From a paper by the author in National Petroleum News.) 


Fig, 19. — Sketch illustrating disposition of oil and occluded gas bubbles within pore cells 
comprising part of a drainage channel. 


gas bubble can therefore displace oil only in one direction: that is, toward the locus 
of reduced pressure within the well. 

We can perhaps best explain the mechanics of gas expulsion by reference to Fig. 19, 
which illustrates a portion of a drainage channel composed of a series of communicat- 
ing sand pores terminating at the wall of a well. Only a few pore cells are shown, 
constituting flint portion of the drainage channel in the immediate vicinity of the well, 
but it will 1)0 understood that a niultitude of communicating pore cells extend the 
channei indefinitoly toward tlie right of the sketch. The wall 'of an intersecting well 
is supposed to be at the left of the sketch. Originally, all cells are under uniform 
pressure, and all gas Is dissolved in the oil; but when release of pressure within the 
well disturbs the equilibrium, one or more gas bubbles form in each cell. That 
formed in cell 1, nearest the well, promptly escapes to the well, carrying some of the 
surrounding and intervening oil with it. Release of pressure due to evacuation of 
the gas and part of the oil from cell 1 creates a differential pressure between it and 
cell 2, The gas bubble formed in cell 2 therefore expands and escapes to cell 1, where 
it undergoes further expansion and then escapes to the well, carrying with it a little 
of the oil from cell 2 and some of that left in cell 1 after escape of its original gas bubble. 
In the same way, a bubble of gas passes from cell 3 to 2 and thence to 1 and to the 
well, carrying along some of the oil that fills the intercommunicating channels with 
each siiceessive expansion. When gas bubbles become too large for the rock pores, 
they are broken up into smaller bubbles. 

If the reader will now visualize a channel, perhaps hundreds of feet in length, 
composed of many thousands of such pores, containing gas bubbles occasionally 
moving from pore to pore accompanied by simultaneous displacement of oil, he will 
have grasped the modern concept of the mechanics of gas expansion in the expulsion 
of petroleum from its reservoir rock. The drainage system of a well consists of a 
multitude of such channels, radiating outward in all directions from the well, and 
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communicating with each other, both laterally and vertically. Oil is delivered into 
the well largely in the form of films on gas bubbles: a froth rather than a liquid. 
Influence of the reduced pressure within the well gradually extends outward in ail 
directions from the well as a center, each pore cell traversed representing a definite 
pressure loss. When these increments of pressure build up to a total equivalent of 
the difference between the formation pressure and the pressure within the well, the 
system comes into equilibrium and no further movement of gas or oil toward the well 
occurs. This determines the maximum radius of drainage of the w’-ell, and it is 
apparent that the drainage radius under such conditions will vary with the differential 
between the maximum formation pressure and the pressure maintained within the well. 

‘‘Jamin Action.’’ — Jamin, an early French physicist, conducted experiments in 
which chains of alternating gas bubbles and separating liquid filaments were forced 
under pressure through capillary tubes containing occasional constrictions. S. C. 
Herold^^ points out the close analogy between the apparatus employed by Jamin and 
the channels of communicating sand pores described in the previous section, and 
suggests that the conclusions reached by Jamin in his experiments have significance in 
the mechanics of expulsion of oil from the reservoir rock by expanding gas occluded 
within the oil in the form of small bubbles. Jamin’s experiments indicated that in 
such a series of alternating globules of gas and liquid in irregularly shaped channels 
of the type described the gas tends to accumulate in the enlarged portions of the 
channel, whereas the liquid is concentrated in the capillary openings between gas 
bubbles. The walls of the channel remain wet with liquid. 

In reporting his observations on experiments performed in specially constructed 
‘‘Jamin tubes, Herold states that the gas bubbles appear to overhang each contrac- 
tion in the tube as pressure is applied and eventually “break and make” as the bubbles 
pass along the tube. It is further observed that, if the amount of liquid is sufficiently 
small, it will tend to collect and remain in the capillary channels, whereas only gas 
escapes when pressure is applied; but, if a greater amount of liquid is present than is 
necessary to fill the capillary channels between cells, some of it will take up a position 
within the cells, and, in this case, application of pressure will result in both gas and 
oil being discharged from the tube. The principal factors determining the critical 
pressure necessary to cause movement of the gas bubbles from cell to cell are found 
to be the surface tension of the liquid in contact with the gas, the diameter of the 
capillary channels between cells and the form of the approaches to the channels of 
communication between cells. Integration of the individual resistances to movement 
offered by the gas bubbles along a channel provides a measure of the minimum pres- 
sure necessary to cause movement. To this must be added the pressure necessary to 
overcome such friction as the walls of the channel may offer to movement of the liquid. 
Herold believes that a large part of the total pressure loss is consumed in deforming 
gas bubbles and finds that the pressure necessary to cause movement is roughly 
proportional to the number of gas bubbles in the channel and to their size and the 
pressure of the gas they contain. More pressure is required to deform and force a 
large bubble of gas through a small aperture than is necessary for a small bubble, and 
more energy will be required if the bubble is filled with high-pressure gas than if the 
pressure is low. 

The communicating pore spaces of an oil-bearing sand present a condition some- 
what analogous to that existing in the Jarnin-tube experiments. Herold has aptly 
described a fine-grained oil sand as a “bundle of capillary tubes radiating in all direc- 
tions from the well.” The pore spaces between sand grains form a series of alternating 
contractions and dilations in the channels through which the oil must flow. Gas 
liberated from solution in the oil by partial release of pressure occupies the larger 
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pore spaces, whereas the oil is forced into the smaller communicating capillary chan- 
nels. There is thus a continuous chain of alternating gas bubbles with separating 
filaments of oil extending in all directions through the sand, both vertically and hori- 
zontally. Perhaps the only real distinction between the conditions presented within 
an oil sand and the “bundle of Jamin tubes,” suggested by Herold, is that, in the case 
of the oil sand, the capillaries are laterally intercommunicating. Whether or not this 
condition introduces any fundamental change that would invalidate the assumption 
that Jamin action is operative as a controlling factor in drainage of oil from its reservoir 
rock has apparently not as yet been determined. 

Herold believes that gas pressure is the only expulsive force active in reservoirs in 
which capillarity is the controlling factor. He shows, by mathematical comparisons, 
that there is an important distinction to be drawn between the effect of pressure 
applied behind or above the oil (which he terms “volumetric control”) and expansion 
from within in openings of capillary size (“capillary control”). In volumetric control 
reservoirs, the velocity of flow is said to vary as the one-half power of the pressure, 
whereas, in the case of capillary control drainage the velocity of flow varies as the 
three-halves power of the pressure. 

Experiments, performed by the author and his associates, have indicated that 
the resistance offered to gas-oil mixtures in flowing through sand is only slightly 
greater than that offered to the flow of oil alone, and that by far the greater part of the 
pressure loss results from friction of the oil on the sand surfaces. Gardescu, who has 
experimentally studied the pressure conditions within gas bubbles enclosed by oil 
films and the resistance offered to their displacement from sand masses, confirms this 
conclusion.* He conceives the gas-oil mixture to move as a mass when sufficient 
differential pressure is applied, and the presence of occluded gas bubbles, in effect, 
merely increases the fluid viscosity or reduces the sand permeability, and, thus, to some 
extent, reduces the rate of flow. Gardescu also presents the interesting conclusion 
that gas bubbles occluded within an oil mass are in unstable equilibrium. The pres- 
sure of the gas within the bubble is greater than that superimposed upon the oil, and 
the smaller the bubble, the greater will be its internal pressure. Given sufficient 
time, gas contained within the small bubbles will therefore diffuse through the oil and 
add to the volume of the larger gas masses trapped here and there through the sand. 
From this, it is reasoned that petroleum in an oil pool, before penetration by the 
discovery well, does not contain occluded gas bubbles. Bubbles are formed and exist 
within the oil mass temporarily, only as a result of the creation of a pressure differen- 
tial. They may exist only in supersaturated solution, Gardescu also states that gas 
bubbles do not of themselves, and by virtue of their internal pressure, expel the oil; 
rather, by their expansion, they tend to maintain the reservoir pressure, thus causing 
flow of the oil-gas mixture as though it were a homogeneous mass. It is concluded, 
therefore, that the expansive pressure of gas bubbles from within the oil mass is no 
more effective than the maintenance of static pressure applied to the oil gas mixture. 

Observations through heavy-walled glass tubes of the flow of gas-oil mixtures 
through the pore spaces of unconsolidated sand have indicated that the bubble action 
observed by Jamin in his capillary-tube experiments does not apply under large 
differential pressures such as usually exist within the reservoir rock about the wall of 
the well. An orderly system of flow, in which the oil and gas bubbles move together 
through the sand, apparently does not prevail. Rather, the gas bubbles may be 
observed to slip through the oil, and large bubbles are broken up to form smaller 
bubbles. Slippage of gas through the oil appears to be an important factor in reducing 

* Gardissou, I. I., Behavior of Gas Bubbles in Capillary Spaces,' “Petroleum 
Development and Technology, 1930,” pp. 351-370, Am. Inst. Mining Met. Eng. 
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oil-expulsion efficiency and would appear to require qualification of the theory of 
^‘capillary control’^ proposed by Herold. 

Expulsion of Oil from the Reservoir Rock by Static Pressure of 
Large Bodies of Trapped Gas. — The expulsive effect of gas originally dis- 
solved in the oil, as described in the foregoing section, may be character- 
ized as physical expansion from within. Gas may operate in quite a 
different way in expelling oil from the reservoir rock. A gas cap, con- 
sisting of a large body of free gas trapped and stored under pressure in the 
crest of the structure, exerts pressure downward against the surface of 
the underlying oil, tending to drive it down-dip toward recovery wells 
where low-pressure conditions are maintained. The influence of such 
a body of high-pressure gas may extend over a considerable distance, so 
that wells drilled at remote points may profit by the static pressure thus 
applied to the intervening oil. In its effort to expand, the gas forces oil 
toward low-pressure areas in the reservoir until it is able to reach a well 
and escape to the surface. In the latter stages of this process, the action 
is not merely a static pushing from behind,’’ but also a scrubbing action 
on the residual oil in the pores of the rock through which the gas flows. 
If properly conserved and not permitted to escape, such a body of high- 
pressure gas in the crest of the reservoir stratum may account for a con- 
siderable percentage of the ultimate recovery. 

Secondary Gas Caps. — A distinction in terminology is drawn between 
“primary gas caps,” which exist in oil reservoirs initially, usually at or 
near their structural crests, and “secondary gas caps,” which form at 
high points in the reservoirs or about the wells as a rekilt of production of 
some of the oil and gravitational settling of the residual oil. Production 
of oil necessarily leaves space within the reservoir, which is thereafter 
occupied by gas. During the early stages of production, we may picture 
this space as filled with a gas-oil froth in which the gas is imprisoned within 
oil films in the form of bubbles. But such a froth is unstable, and even- 
tually gravitational settling of the oil occurs, concentrating the oil in the 
lower portions of the strata to which it has access, whereas the upper por- 
tions, though still wet with adherent oil, are occupied primarily by gas. 
Oil-drained spaces of this character form at local high points in the 
structure, or immediately beneath the cap rock about the recovery wells. 
Aided by gravity, in steep-dipping formations, we may picture large gas 
“bubbles,” formed in this way, as occasionally moving up the dip of the 
beds and merging at the crest of the structure to form a gradually expand- 
ing secondary gas cap. 

Shrinkage of the residual oil in the reservoir rock is also responsible 
for the formation of oil-drained gas-filled spaces that gradually merge to 

* Gregory, P. P., Gas Caps, Then Determination and Significance, ^ Tetroleum 
Development and Technology, 1938,'' pp. 25-30, Am. Inst. Mining Met. Eng. 
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form secondary gas caps at high points in the structure. As explained 
in a previous section, reduction of pressure permits release of gieat quanti- 
ties of gas from solution in the oil, and this in turn results in reduction in 
volume of the oil. A physical shrinkage of the residual oil in the reservoir 
rock, of 5 to 30 per cent or more, may result, depending on the amount 
of gas in solution and the pressure loss suffered. Under gravitational 
influence, the residual oil is concentrated in the lower portions of the 
reservoir rock, or drawn into the smaller capillary openings. Because of 
the superior capillary attraction of the reservoir rock for oil in preference 
to gas, the latter will usually occupy the coarser-grained, more permeable 
portions. The finer-grained portions of the reservoir rock within an 
area occupied by a secondary gas cap may thus be saturated with oil; 
yet the wells in the area will produce mostly gas. 

Drainage op Petroleum from the Reservoir Rock by 
Gravitational Influences 

The force of gravitation is, of course, operative at all times on the 
reservoir fluids, and to some extent modifies the influence of other expul- 
sive forces. At any point within a liquid, a hydrostatic pressure exists 
that is proportional to the depth below the liquid surface, and this 
^^lydrostatic head'^ applies whether the liquid is in an open receptacle 
or stored within the communicating pore spaces of a reservoir rock. In 
a steeply inclined reservoir rock without impervious partings or other 
physical barriers to oil movement, the hydrostatic head developed within 
the oil mass may exert an appreciable influence as an expulsive force 
assisting drainage. Just as w^ater flows from sedimentary formations 
into wells, so may oil flow' under the influence of gravity alone from the 
reservoir rock into recovery wells. Figure 20 illustrates a theoretical 
case in wdiich a continuous body of sand of uniform thickness and texture 
is assumed to dip at an angle of 30 deg. from the horizontal. It seems 
evident that the w^ell must drain the up-dip portion of the reservoir 
stratum more effectively than that portion which is structurally below 
the point at which the w^'cll is situated. Gravitational force is, of course, 
more effective in steeply inclined structures, the component of gravity 
tending to move oil down the dip of the structure being a function of the 
.sine of the dip angle. 

Again, suppose a body of sand containing lenses of shale is 100 ft. 
thick. Circuitous movement of oil about the shale lenses permits vertical 
circulation of oil throughout the full depth of the oil zone. The static 
pressure of the oil in the bottom of such a reservoir rock would be 40 
Ib. or more per square inch in excess of that at the top. Oil flow from 
the lower portion of the productive zone would be proportionately accel- 
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erated, assuming that a corresponding liquid ^^head^^ within the well were 
not operative. 

After the gas associated with a petroleum deposit has been dissipated 
to such a degree that it is no longer effective in moving oil through the 
reservoir rock into the wells, a part of the residual oil in the formation 
will still continue to flow toward the w^ells by gravitational seepage. 
The presence of gas bubbles within the sand pores will, in part, prevent 
free gravitational drainage, and capillarity will hold a certain proportion 
of the oil in the smaller rock openings with a force that exceeds the pull 
of gravity; but the residual gas gradually escapes or is diffused through 



Fig. 20. — Sketch illustrating superior drainage of up-dip portion of reservoir sand in a 

steeply inclined structure. 

the oil to the upper and more thoroughly drained portion of the reservoir 
rock, and such oil as is not held by adhesion on the sand grains is then 
free to drain into the wells until the level of a permanent zone of capillary 
retention in the bottom of the productive stratum is reached. 

It seems probable that gravitational drainage proceeds until a certain 
angle of repose” of the oil in the sand is reached, which is a slope just 
sufficient to overcome the resistance to movement offered by the reservoir 
rock. The rock resistance, however, is slight at this stage, owing to the 
slow rate of movement of the oil, so that this ultimate angle of repose of 
the oil in the reservoir rock is doubtless a low one, possibly of the order 
of 5 deg. or less. Figure 21 will serve to illustrate this concept of gravita- 
tional drainage as limited by the angle of repose and the zone of capillary 
retention. 

Laboratory studies of the efficiency of gravity drainage of oil from 
saturated unconsolidated sands have indicated that a large percentage 
of the oil may be drained by gravity alone under favorable circumstances* 
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Recoveries of as much as 85 per cent of the saturated oil content have 
been secured when the sand permeability is high and the oil viscosity 
low. Under field conditions, however, it is believed that gravity would 
be effective in securing only very slow and incomplete recovery of the 
drainable oil. Gravitational readjustments are exceedingly slow, often 
too slow to yield commercial production under present-day market 
conditions. Furthermore, clay partings, cross-bedding and lenticular 
conditions common in oil reservoir rocks, and pore friction occasioned 
by movement of oil would effectively oppose the comparatively weak 
force of gravity. Yet, if the walls of wells are maintained free of detrital 



(From a paper by the author in National Petroleum News.) 

Fig. 21. — Sketch iliustrating zone of capillary retention above an undrained oil sand below 

the angle of repose.’! 

material and the pores of the reservoir rock are not permitted to become 
with paraffin or other material impervious to the passage of oil, 
slow drainage from the reservoir rock may continue for many years after 
commercial production has ceased. Although gravity alone may not 
be an important factor in bringing oil in commercial amounts into wells, 
yet it may influence operation of the other expulsive forces in important 
ways. 

Expulsion of Peteoleum feom the Reseevoie Rock by 
Enceoaching Edge Watee 

As explained^ in an earlier section, edge water— often under high 
pre.s.«ure— underlies the oil in the reservoir and is usually capable of 
encroaching on the productive area of the field as the oil and gas are 
extracted. Movement of the edge water, up the dip of the beds toward 
the crest of the structure, tends to concentrate the residual oil, much of 
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that held in the reservoir rock by capillarity being displaced into recovery 
wells in the path of the advancing edge water. Where an edge-water 
‘Mrive^’ is effective, the additional oil, thus recovered, may be an impor- 
tant part of the total production. 

In some fields, edge waters appear to be stationary and do not 
encroach. In other cases, they encroach, but not rapidly enough to keep 
pace with the withdrawal of oil and gas at up-dip locations. Ability of 
the edge water to encroach up the dip of the formations depends upon the 
pressure with which it is endowed and upon the permeability of the beds 
through which it must flow. At times, edge waters are so thoroughly 
sealed off by cementation of the containing strata, or by faulting or other 
natural barriers that effectively cut off communication with surrounding 
water-bearing formations, that such static pressure as they originally 
possess is quickly relieved and the effective pressure capable of supporting 
movement of water up the dip of the beds is lacking. Pack* finds that 
in certain California fields the oil is apparently chemically reactive with 
constituents of the edge waters, with the result that oil in the vicinity of 
edge water becomes very viscous, thus serving as an effective barrier to 
edge-water advance. 

In a portion of the Coalinga field of California, where the position 
Pf a certain edge-water line has been carefully determined at different 
times, the rate at which the water is advancing toward the crest of the 
structure has apparently averaged about 150 ft. per year. In the fine- 
grained productive sands of the Bradford field of Pennsylvania, water 
used in displacing oil from the sand by artificial flooding methods, 
though applied under a pressure of 350 lb. per square inch, advances 
through the reservoir rock at an average rate of only 35 ft. per year. 
In such cases, the expulsive effects of the edge water on the oil is probably 
limited to wells nearest the edge-water line, or at most, two or three 
locations up-dip. 

On the other hand, in some oil fields the hydrostatic pressure of edge 
water seems to be the principal and controlling force influencing dis- 
placement of oil from the reservoir rock. In such fields, the reservoir 
rock must be very permeable so that fluids throughout the entire reservoir 
are responsive to the pressure applied by the edge water. As oil is 
produced, the pressure is maintained instead of declining as is the case 
when gas furnishes the expulsive force. To accomplish this, the volume 
of that part of the reservoir occupied by oil is ever diminishing. A more 
complex case is presented when considerable gas under pressure accom- 
panies the oil in a field where edge-water pressure is active. Here both 
gas pressure and hydraulic pressure may be jointly operative, though 

* Pack, R. W., The Sunset-Midway Oil Field of California, U. S, Geol Survey, 
Professional Paper 116, Part 1, 1920. 
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0116 or anotiicr may be dominaiit at different periods of the productive 

life of the wells. 

An oil '‘pool” resembles an island in a sea of edge winter. This water 
possesses potential eiieTgj—cnergj of position— which it is ready to exert 
whenever differential pressure conditions permit. Much may be accom- 
plished in increasing recovery efficiency by avoiding wasteful ways of 
applying this energy afforded by nature. In some formations, there is 
a large surplus of edge-water energy available; or that used is replaced 
seasonally b}’^ seepage at a near-by outcrop, and efficiency of utilization 
is not important. In other cases, particularly in arid and semiarid 
regions, the edge water gradually comes into equilibrium with the pressure 
conditions in the reservoir; that is, it at first encroaches actively, but 
becomes less active as exploitation proceeds, eventually becoming almost 
stationary. Under such conditions, it will be highly important to 
control the rate of production so as to secure maximum benefit from such 
kinetic energy as the edge water possesses. 

Expulsion of Petroleum by Compaction of 

THE PtESERVOIR EOCK 

It is possible in the case of poorly consolidated reservoir sands that 
release of pressure incidental to production of oil and gas may permit 
tile weight of o^n:^r]ying sediments to compact the reservoir sand to a 
smaller volume t han it previously occupied. A part of the fluid content 
of the sand would thereby be expelled. In support of this theory, 
instances may be cited in which surface subsidence has followed release 
of gas pressure and production of oil. It is thought that action of this 
sort is partieiilarly apt to occur in the vicinity of wells that produce con- 
siderable sand with the oil, thereby forming extensive cavities which 
permit caving of the cap rock. Although moderate reduction in volume 
of the reservoir rock is possible under such circumstances, it is considered 
probable that the amount of fluid expelled from the reservoir by this 
iiieans is probably negligible in comparison with that produced by opera- 
tion of the other expulsive forces. 

Classification of Fields in Accordance with Expulsive 
Forces Dominant 

Herold classifies all producing fields in three groups, depending upon 
the “control” operative. Thus, a reservoir in “hydraulic control” is 
one in which the volume is diminished by incursion of edge water rapidly 
enough to maintain a constant rate of production for the wells and a con- 

iLHELM, \ . H., Davis, E. L,, and Clakk, W. A., Characteristics of Edge-water 
Encioachmeiit in the California Oil Fields, Mining Met, ^ September, 1983, Am Inst. 
Mining Met. Eng. ' 
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stant reservoir pressure. Edge water is the dominant expulsive force. 
A reservoir in volumetric controF' is one in which the volume of the 
reservoir remains constant and the field pressure and rate of production 
continually diminish, eventually approaching zero. Free gas in the 
formation and gravitational force may be thought of as contributing the 
necessary expulsive energy in this case. Herold also recognizes a third 
type of reservoir, which he classifies as capillary control.” In this, 
the field pressure and rate of production of the wells also decline and 
approach zero, but resistance of gas bubbles to distortion in their passage 
through the rock pores (Jamin action) determines the potential radius of 
influence of the wells. By definition, only one of these controls” can 
be operative at a given time, though one control may yield to another as 
depletion of the reservoir progresses. 

Some authorities have questioned the theory underlying the concept 
of a capillary-control ” reservoir. In any case, for a broad classification, 
it would appear to be unnecessary, and we may more simply classify reser- 
voirs into two groups: (1) Reservoirs in which edge water enters and 
replaces the oil and gas as rapidly as it is produced, thus maintaining 
constant reservoir pressure and a constant rate of production for the 
wells. Some limestone reservoirs are of this type. The East Texas 
field, producing from a sand reservoir, maintains its pressure by edge- 
water incursion when the production does not exceed a certain rate. 
(2) Reservoirs in which the edge water is either stationary or else does 
not enter rapidly enough to keep pace with production of oil and gas ; 
-^consequently, the reservoir pressure declines and the rate of production 
of the wells diminishes. Most of the fields in which sands and sandstones 
are the reservoir rocks are of this type. Under this classification, we 
may conceive of any or all of the expulsive forces being simultaneously 
operative, though one or another may be dominant during different 
periods in the productive life of the reservoir. 

NATURAL RETENTIVE FORCES RESPONSIBLE FOR RESTRICTING 
BRAINAGE OF PETROLEUM FROM ITS RESERVOIR ROCKS 

As will be shown in a later section (see page 59), the recovery of 
petroleum in ordinary methods of field exploitation is only 10 to 25 
per cent of the original oil content of the reservoir rock. Instances in 
which a larger percentage recovery than 25 per cent is secured, it is 
thought, are rare. The greater part of the oil originally present is left 
unrecovered in the reservoir rock as a result of operation of the forces 
of capillarity and adhesive retention of the oil on the ^mineral surfaces. 
Also, a large part of the oil is retained in the reservoir rock because the 
available expulsive energy is inadequate to overcome the resistance 
offered by the rock pores through which the oil must flow to reach 
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the well outlets. Such energy as is available through application of the 
€^xpiilsive forces is also verj^ inefficiently applied. Understanding of the 
iiianner of operation of the natural forces opposing drainage is essential 
in any effort to improye the efficiency of present production methods, 

Capillaey Retention of Petroleum in Reservoir Rocks 

The pore openings in reservoir rocks are of capillary size and by exer- 
cise of capillary force absorb and tend to retain liquids with which they 
come into contact, very much as a sponge absorbs and retains water. 
Capillarity is an expression of the operation of surface tension and cohesion 
of the oil and a molecular force that tends to make the oil spread over 
and adhere to the mineral surfaces. 

We may conveniently study the effects of these forces by considering their several 
functions when oil is caused to rise in a glass capillary tube suspended in a vertical 
position with its lower end immersed below the surface of oil in a beaker (see Fig. 22). 
The molecular attraction existing between the oil and the glass causes the former to 
spread up the walls of the tube above the surface of the fluid in the beaker. Along 
their line of contact, the oil curvms upward against the glass as a result of this attractive 
force. The surface tension of the oil resists this extension of its surface and is powerful 
enough to lift a column of the oil in the tube. Cohesion of the liquid molecules 
prevents the oil column from severing connection with the reservoir of oil below. 
Attraction of the glass for the oil is capable of drawing the oil upward indefinitely, 
until limited by the ability of the surface tension of the liquid to support the oil 
column. The column of oil thus climbs in the tube until an equilibrium condition is 
reached. After the system has come into equilibrium, if 

T is the surface tension of the oil in dynes per centimeter; 

E is the radius of the tube in centimeters; ^ 

G is the density of the oil relative to pure water at 0°C. ; 

A. is the acceleration of gravity in centimeters per second per second; 

H is the capillary rise in centimeters; and 

a is the angle of contact made by the oil against the glass surface, it can be shown 
that 

jj _2T X cosine a 
" A XRXG' 

In considering the capillary attraction of porous reservoir rocks for oil, it is appar- 
ent from the foregoing discussion that the capillary force exerted will depend primarily 
upon the size and shape of the rock pores and the surface tension and density of the 
oil. Capillarity is exerted on water by glass-walled tubes only when the tubes have a 
diameter of less than 0.508 min. In the case of crude petroleum in silica sands, the 
inaxiniiim size ot pore opening that will display measui'able capillary effect is probably 
somewhat smaller than this. Research, conducted by A. H. El-Difrawi^^ under the 
supervision of the author, havS indicated that unconsolidated sands coarser than 
30 mesh do not generally display appreciable capillary attraction on crude petroleum, 
whereas sands of finer size do. The capillary force developed was also found to vary 
with the sand porosity which, in unconsolidated sands, seems to bear a certain rela- 
tionship with the size of pore spaces between grains. 

ITren, L. C., Measuring Natural Forces That Hold Back Flow of Oil in Ground, 

National Petroleum News, Feb, 
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In an effort to determine quantitatively the magnitude of capillary force in rock 
pores of different sizes, El-Difrawi performed a series of experiments in which the 
capillary rise of petroleum in accurately sized unconsolidated sands of known porosity 
was determined. Screened sands of various sizes, ranging from 20 to 70 mesh, were 
compacted into glass tubes to attain varying sand porosities, and the sand-filled tubes 
were supported in a vertical position with their lower ends immersed in a reservoir 
filled with crude oil of known surface ten- 
sion, density and viscosity (see Fig. 23). 

After the oil, drawn up into the sand by 
capillary force, had reached an equilibrium 
position, the height of the oil in the sand 
above the surface of the oil in the reservoir 
was measured. From data so secured, in 
many tests, the following empirical formula 
was derived: 

p. _ 275 X T X cosine a 

^ - QX P2.3 X D ■ 

In this formula, H is the capillary rise in 
inches; T is the surface tension of the oil in 
dynes per centimeter; a is the angle of contact 
between oil and the mineral composing the 
sand (cosine a assumed to be 1); G is the 
specific gravity of the oil; P is the porosity of 
the sand in per cent; and D is the mean diam- 
eter of the sand grains in millimeters. 

This formula permits of some interesting 
deductions and applications. It shows, for 
example, that porosity is the most important factor in determining the magnitude 
of capillary force. The investigation also disclosed that the viscosity of the oil is 
not a factor in determining the magnitude of capillary retention. The probable 
thickness of the zone of capillary retention in the bottom of the oil reservoir rock can 
be computed with the aid of the preceding formula. Applying it, for example, to an 
oil having a surface tension of 25 dynes per centimeter and a specific gravity of 0.95, 
in a sand having a porosity of 20 per cent and an average grain size of 0.2 mm., we find 
that the capillary rise is 36.8 in. These are not abnormal values for oil reservoir rocks, 
and the result of the computation indicates that a zone of sand three feet or more 
thick is left saturated with oil, the oil being held by the force of capillarity after all 
normal drainage ceases. When an oil-producing zone comprising several component 
sands separated by impervious “partings’^ of clay or shale is drained, each impervious 
barrier in the formation will be the base for such a zone of capillary retention. The 
aggregate volume of oil so retained by capillarity may, under such conditions, be a 
large percentage of the original oil content. 

Adhesive Retention of Petroleum in Reservoir Rocks 

An intermolecular attraction exists between oil and rock-forming 
minerals, which causes the oil to spread over the mineral surface until 
it is completely enveloped. In an oil reservoir rock, every particle of 
mineral surface forming the rock pores is exposed directly to the oil and 
becomes completely engulfed with an encasing oil film. Drainage by 



Illustrating tus used in measuring 
rise of oil in a ing capillary rise of 
glass capillary oil in sand, 
tube. 
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gas expansion and gravitational force is ineffective in^ removing this 
adhesive oil film, the mineral surfaces remaining wet with oil after all 
free-draining oil has been expelled. 

Oil thus retained on the surfaces of the reservoir rock is not a mere 
superficial film but under the influence of high reservoir pressure is 
driven into all crevices and cleavage planes. Individual sand grains, 
though small in size, are nevertheless capable of being broken into smaller 
fragments, and the minute cleavage planes and fractures, along which 
such subdivision may occur, communicate directly with the mineral 



grains by adhesion and capillarity. All free-draining oil has been evacuated from the 
larger pore spaces. 


grain surfaces. These minute crevices exert capillary force and draw 
oil from the grain surfaces. Most apparently solid mineral surfaces have, 
in reality, a loose crystalline structure that often permits fluids to enter. 
Quartz, marble, feldspar and other common rock-forming minerals are 
easily stained with oil, and the stain is not merely a surface coating but 
extends to measurable depths (see Fig. 24). Sand that has been in 
contact with oil feels greasy, though the surface oil may have been com- 
pletely removed by solvents; and, if subsequently brought into contact 
with oil, the mineral will greedily retain it. On the other hand, it cannot 
readily be vret with water. The subsurface pores of the mineral may 
thus retain a fluid, even though the surface is apparently free of it. It is 
considered probable that pressure conditions have some influence in 
determining the degree of penetration of the mineral grain surfaces by 
the oil, it being easier to remove the oil film from a mineral surface 
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exposed to oil under low-pressure conditions, than when high pressures 
have been used. 

The author and his associates have performed tests designed to indicate the 
quantity of oil that may be retained on and within sand grains in this way. In these 
tests, small pieces of various common sand-forming minerals were ground to smooth 
flat surfaces of geometrical form so that their surface areas could be closely estimated 
by actual measurement. The specimens, thus prepared, were carefully weighed and 
then dipped in petroleum. On removal from the oil, the surplus fluid was permitted 
to drain thoroughly from the specimens by supporting them on needle points. They 
were then again weighed, and the increase in weight due to retained adherent oil was 
determined. When the density of the oil and the surface areas exposed are known, 
the volume of oil per unit of exposed mineral surface may be computed. On the 
assumption that the oil retained was distributed on and within the mineral surface 
in a layer of uniform thickness, the computed thickness of the oil coating was found to 
vary with the viscosity of the oil, with the smoothness and texture of the mineral 
surfaces and with the length of time that drainage was permitted to proceed. After 
several days of drainage, the oil films retained were found to range in thickness from 
0.002 to 0.006 mm. With only 10 min. allowed for drainage, the films -were found 
to be much thicker, ranging from 0.04 to 0.18 mm. 

The surface exposed by an unconsolidated sand to oil contained within it is large, 
and, even though the adhesive oil film left on the mineral surfaces is thin, it may 
nevertheless represent an important percentage of the saturated oil content of the 
sand. Table II shows that for spherical grains of 20 to 100 mesh the surface exposed 
ranges from 1,500 to upwards of 8,600 sq. ft. per cubic foot of sand. Computations 
indicate that the amount of oil retained on these surfaces, even though minimum 
values for film thickness be assumed, will nevertheless aggregate from 0.07 to 0.38 bbl. 
per cubic yard of sand. It is doubtful, however, if, under field conditions, drainage ever 
progresses to the point where a minimum film thickness is attained. Usually, it is 
thought, oil films reniaining on the sand will be thicker than the minimum possible 
values shown by research, and considerably larger percentages of the original oil 
content of the sand would therefore normally be retained. 

Hardy and Nottage'^ have developed a method for measuring the adhesive force 
between lubricating oils and mineral substances and have determined relative values 
for various oils and mineral substances. It is reported that the adhesive force varies 
with the character of the mineral substance but, for any given mineral, is directly 
proportional to the molecular weight of the oil and decreases in a straight-line rela- 
tionship with temperature. 

Feictional Resistance to Flow of Oil through 
THE Reservoir Rock 

In an earlier section, it has been shown that the drainage system of a 
well assumes the form of a multitude of pore channels radiating outward 
through the reservoir rock in all directions from the well as a center. 
Oil and gas move through these channels toward the well in the form of 
minute gas bubbles encased in oil films, alternating with slender filaments 
of oil Movement of the fluids is opposed by frictional forces of several 

* Hardy, W., and Nottage, M., Studies in Adhesion, Proc. Royal Soc. London, 
vol 112A, pp. 62-76, 1926. 
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kinds; (1) iriternal friction of the oil in overcoming its own viscosity and 
inertia; (2) friction of the oil and gas on the rocky surfaces forming the 
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nolds criterion for use in the Fanning equation in computing flow of oil through sands and 
sandstones. , . 

walls of the flow channels; (3) resistance offered by the gas bubbles to 

deformation or partition in passing through the constrictions of the 
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flow channel; and (4) the capillary drag of the minute openings through 
which the oil must pass. Energy utilized in expelling oil from the reser- 
voir rock is consumed almost entirely in overcoming these several fric- 
tional resistances. 

Because of the many ways in which energy is consumed and variation in rates 
of flow and volume of the fluids in different parts of the reservoir rock, accurate 
determination of the resistance to flow offered by the reservoir rock is a most complex 
problem. Nevertheless, many efforts have been made to formulate the variables 
involved. Investigations of the flow of liquids through sands began with the work of 
D’Arcy, a French physicist, who, in 1856, studied the flow of water through beds of 
sand. D^Arcy found that water percolated through sand, in linear flow, at a rate 
expressed by the equation: Q — KAP/ZL. In this formula, Q is the rate of flow; 
A is the cross-sectional area and L the length of the flow channel; P is the differential 
pressure between the two ends of the channel; Z is the viscosity of the liquid; and K is 
the coefficient of permeability of the sand, or the flow velocity under unit differential 
pressure. This formula applies only to the condition of viscous” flow and to 
homogeneous fluids. 

Based on the D’Arcy equation, Muskat®^ offers the following equation for comput- 
2itKTP 

ing radial flow to a well: Q = f In this expression, T is the thickness of the 

Zlog^ 

reservoir rock; L is the radius over which drainage occurs; r is the radius of the well; 
and Kj P, Q and Z are the same as in the D^Arcy equation for linear flow. 

Some investigators have sought to adapt the formulas of Poiseuille and Fanning to 
computations of fluid flow through reservoir rocks. For example, Fancher, Lewis and 
Barnes, in an experimental study of the permeability of oil sands, have established 
graphs designed for use in determining the friction factor in the Fanning equation for 
linear flow: / = Apgd/2LU^p. In this equation, / is the friction factor; Ap is the 
pressure loss or differential pressure; d is the average grain diameter; g is the accelera- 
tion of gravity; L is the length of the flow channel; p is the fluid density; and XJ is the 
apparent velocity or the rate of flow divided by the cross-sectional area. Figure 25 
gives the results of 800 experimental tests and individual computations showing values 
of the friction factor for many different specimens of reservoir rock over a wide range 
of values for the Reynolds criterion (see Chap. X). Consideration of the factors 
determining velocity of flow in the reservoir rock indicates that, in nearly all cases, 
the flow velocity is such as to require a type of flow analogous to ‘‘viscous” flow in 
pipe lines, though the irregularity of the flow cross section and tortuous character of 
the flow channel, obviously, do not permit of anything approaching “stream line” 
flow in an open pipe. Nevertheless, there is a close analogy between the conditions 
of flow through a column of sand and flow through an open pipe, and there is no 
apparent reason why any of the generally accepted formulas of hydraulics should not 
apply. 

Tests conducted by U. S. Bureau of Mines engineers, with laboratory apparatus, 
afforded a basis for development of a formula for computing rates of rectilinear flow of 
gas through unconsolidated sands. This formula is as follows: 

~-P22 ^ aQ A-hQ\ 

Here a, h and n are constants for the particular sand and gas, determined experimen- 
tally; Pi and Pa are the initial and final pressures, respectively; and Q is the rate of flow. 
Flow is found to be “viscous ” at low velocities, turbulent at high. 

* See reference on p. 8. 
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All the flow formulas given on page 47 are intended for use only with homogeneous 
fluids in viscous flow. They have been experimentally tested and values obtained for 
the various constants, which enable us to apply them with confidence as long as we 
are dealing with viscous flow conditions. Howwer, the fluids with which we have to 
deal in oil reservoir rocks are seldom homogeneous, inasmuch as they consist of 
varying amounts of oil and gas flowing together toward the wells, the ratio of gas to oil 
varying at different distances from the wells, the two fluids moving at different flow 
velocities and the properties of the oil and gas varying from point to point. Obviously, 
formulation of the variables that enter into flow of heterogeneous gas-oil mixtures is a 
far more difficult problem, and it has not yet been satisfactorily solved. Competent 
studies of the behavior of gas-oil mixtures flowing through sands have, however, been 
made, and, from these, certain generalizations can be made and formulas applying to 
specific conditions derived. Below a certain equilibrium ratio of gas to oil in the sand, 
unstable flow conditions exist which do not permit of mathematical analysis. When 
the amount of gas in the reservoir rock exceeds that in the equilibrium ratio, steady 
flow conditions, more susceptible of analysis, are developed. Unfortunately, however, 
in many fields, the equilibrium ratio is not achieved until drainage is w''ell advanced. 

Reistle and Hayes,* in a study of reservoir conditions in the East Texas field, 
found that the rate of production was a linear function of the pressure at the face of 
the sand in the bottom of the well, conforming with Poiseuille's equation for radial flow: 
i? 

p = EQ log^ — In this equation, P is the pressure drop between any two points in a 

r 

sand body; K is a constant for the particular sand and liquid; Q is the rate of flow; 
R is the distance from the axis of the well to the most remote point from which drain- 
age is secured in the reservoir; and r is the radius of the well. 

Most investigators have conducted their experiments in sand-filled tubes of 
cylindrical form, securing results applicable only to linear flow. Theoretical formulas 
for radial flow, as in flow through a reservoir rock to a well, are developed by mathe- 
niatical methods from the linear-fiovr data. The author and his associates have 
preferred to study the conditions of flow in a novel form of apparatus, giving results 
of radial flo w directly by experimental methods. When gas-saturated oils were used, 
faithfully reproducing conditions existing in a reservoir sand about the wall of a high- 
pressure flowing well, the rates of flow corresponding to different pressure differentials 
were found to conform approximately with the Poiseiiiile equation for viscous radial 
R 

flow of gas: eQ log^ — • Here is the difference of the squares of pressures at 

two points ill the flow channel; Q is the rate of flow; R and r are the distances of the 
two points from the axis of the well; and K is a constant applying to any given sand 
and fluid. 

Radial Characteristics of Flow toward a Well 

Fluids converge within each stratum of the reservoir rock on the well 
as a center. Because of the radial characteristics of well drainage, the 

flow cross section is ever diminishing as the fluids approach the well, so 
that their flow velocity must be ever increasing. At points remote from 
the well, the velocity of flow of fluids through the reservoir rock is so slow 
^ as to be almost imperceptible; but as the well is approached the flow 
velocity increases, not only because the flow cross section is diminishing, 

* &e reference at end of Chap. 11. 
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but because reduction of pressure and release of gas from solution in the 
oil result in great increase in the volume of fluid. 

Consideration of Fig. 26 will perhaps clarify this concept of radial flow through the 
reservoir rock. In this figure, a horizontal wedge-shaped segment of the drainage area 
of a well is shown. Let it be assumed that the well is 6 in. in diameter and that it is 
effective in drawing oil from a circular area 600 ft. in diameter with the well as a 
center. Let it also be assumed that the area ABCD, intercepted by the segment on 
the wall of the well, is 1 in. square. It is apparent that the area EFGH, intercepted 



Fig. 26. — Horizontal, wedge-shaped segment of the drainage area of a well, illustrating 
increase of the flow cross section with distance from the wall of the well. 

by the same segment on a cylinder 20 ft. in diameter, having the axis of the well as its 
axis, would be forty times as large; that is, it would intercept an area of 40 sq. in. In 
section IJKL on the circumference of the drainage area, the area intercepted by the 
segment is 1,200 sq. in. 

The Pressure Gradient within the Reservoir Rock in the Vicinity of 
a Weil. — Variation of pressure within the reservoir rock at different dis- 
tances from a producing well is a matter of interest in any study of reser- 
voir conditions. The rate at which energy is consumed in moving fluids 
through the reservoir rock is a measure of the combined effect of all of 
the many forces that influence recovery efficiency. Knowledge of the 
pressure gradient should also provide a basis for estimating the extent 
of drainage influence of wells and would be of assistance in determining 
proper well spacing in oil-field development.^^ 

The author and his associates, using a novel form of laboratory apparatus, designed 
to reproduce all of the conditions existing within the oil reservoir rock about a high- 
pressure well in the field, have experimentally studied the form of the pressure gradi- 
ent.^^ Figure 27, which is typical of the results secured with a medium-viscosity oil 
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and a highly permeable unconsolidated sand, shows the pressure gradient existing 
within a circular zone 17H ft. in diameter about the wall of a 6-in. high-pressure well. 
4t this distance from the wall of the well, the oil is saturated with dissolved gas at a 
pressure of 1,000 lb. per square inch. If the body of oil sand used in this experiment 
were a segment of the oil sand feeding an actual weU producing from a reservoir sand 
10 ft thick, it would produce at the rate of 8,600 bbl. per day. It wiU be observed 
that the pressure gradient represented in Fig. 27 is very steep in the vicinity of the 
waE of the well but that, within a comparatively few feet, it assumes a much lower 
slope. Upwards of 50 per cent of the total pressure loss in moving the oil through the 
20-ft. sand column used in this test was lost wuthin 3/^ ft. of the wall of the well. It 
will be readily understood on inspection of this pressure gradient that the zone within 



(From a paper by the author in “Science of Petroleum.") 

Fia. 27. — Pressure gradient within an oil reservoir sand in the vicinity of a high-pressure 

well. 


the oil-producing sand immediately about the well is a critical one. Pressure condi- 
tions maintained within this 2 one have an important influence upon the efficiency of 
drainage. 

The form of the pressure gradient is determined, for a given sand body and a given 
oil, by the rate of flow; and this depends, in turn, upon the field pressure, the propor- 
tion of gas to oil and the viscosity of the oil. We may artificially influence the form 
of the pressure gradient in two ways: (1) by applying back pressure to the well, thus 
reducing the pressure differential and the rate of flow; and (2) by increasing the well 
diameter, thus decreasing the flow velocity in the vicinity of the wall of the well. In 
either case, the result will be a flatter pressure gradient, that is, a more uniform distri- 
bution of the pressure loss over the distance traversed. However, there is a funda- 
mental difference between these two methods of flattening the pressure gradient. 

hen w e apply back pressure to the well, the gas enters the well not fully expanded. W e 
fail to take full advantage of the natural energy with which the oil is charged. 
Oil the other hand, we reduce pressure loss per unit of production by maintaining the 
fluid at lower viscosity and volume, and there is less pressure loss because there is less 
frictional resistance offered by the sand at the lower flow velocity. The over-all 
result, however, may be a lower efficiency of utilization of the gas energy. When we 
increase the well diameter, we operate the well under the maximum possible pressure 
differential, getting the full benefit of gas expansion, and, in addition, permit a greater 
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quantity of fluid to flow without increasing the sand resistance. This is because of 
the greater cross section of wall area through which the fluids must pass and partial 
removal of the ^‘bottle neck’^ about the wall of the well, in which so much pressure 
loss occurs. 

The pressure gradient is steeper near the wall of the well because of the greater 
pressure loss in this vicinity, resulting from the ever-increasing rate of flow as the 
fluids approach the wall of the well. This is due to the smaller cross section of reser- 
voir sand and the increased volume of fluid occasioned by release of gas from solution 
in the oil as the pressure is diminished. The figures noted along the pressure gradient 
reproduced in Fig. 27 indicate the calculated rates of flow of the fluids at different 
distances from the wall of the well for the particular conditions applying. It will be 
noted that the fluids are moving 2,750 times as fast at the wall of the well as they are 
17K ft. back in the reservoir sand. Two and one-half feet from the wall of the well 
the fluids are moving Hso as fast as at the wall of the well. 

The Energy Gradient. — The rate at which energy is consumed in 
moving fluids through the reservoir rock toward a producing well is 
also a phase of radial flow that is of broad significance in any study of 
production efficiency. Pressure is ever diminishing and at an increasing 
rate as the fluids approach the wall of the well. As a result, below the 
saturation pressure, gas is continually being released from solution in the 
oil, and the total volume of fluid in motion continually increases. Move- 
ment of increasing volumes of fluid at the more rapid rate of flow imposed 
by the smaller cross section of the reservoir I'ock in which the fluids are 
confined results in rapid increase in energy consumption in the vicinity 
of the walls of the wells. 

Where fluids are moving under the influence of expanding gas, energy consumption 
between different points along the drainage channel may be conveniently compared by 
computing the change in value of the product of pressure and volume of the gas. 
The energy consumed between different points is approximately proportional to the 
differences between their PV values. Figure 28, for example, presents the energy 
gradient for the experimental drainage test that produced the pressure gradient 
discussed in the preceding section, and which is displayed graphically in Fig. 27. It 
will be recalled that the oil was flowing in this test under the influence of a reservoir 
pressure of 1,000 lb. per square inch, and the oil was saturated at this pressure with 
dissolved gas at a distance of 17J^ ft. from the wall of the well, which was 6 in. in 
diameter. The energy gradient may be constructed by plotting either the energy 
consumed per linear foot of travel per square inch of sand cross section (curve A) or 
the total energy consumed for the entire flow cross section per foot of travel (curve B). 
Owing to the rapidly changing cross section of the drainage channel in the vicinity of 
the wall of the well, curve A is much more abrupt than curve B, The rapidity with 
which the gas volume increases is indicated by the figures noted along curve B. Thus, 
the volume of the gas at the wall of the well is 258 times that at a cross section 8 ft. 
distant. 

It will be noted in Fig. 28 that the rate of energy consumption per linear foot of 
movement increases rapidly as the wall of the well is approached, whereas at points 
remote from the well it is almost negligible. The energy gradient becomes steeper 
at the wall of the well as the reservoir pressure decreases and the rate of flow increases. 
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The energy gradient is flattened either by applying back pressure to the well or by 
increasing the well diameter. Computations based on. the experimental results 
indicate that energy consumption per unit volume of oil delivered at the wall of the 
well increases as back pressure is applied, but is materially diminished by increasing 
the well’s diameter. 
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FACTORS INFLUENCING RATE OF PRODUCTION AND ULTIMATE 
RECOVERY FROM OIL-PRODUCING PROPERTIES 

.Many different factors influence the recovery that may be secured 
from an oil-producing property. The gross amount of oil present will 
depend upon the thickness, porosity and percentage saturation of the 
reservoir rock. The percentage of the gross oil content that may ulti- 
inately be produced will depend upon the permeability of the reservoir 
rock, the lormation pressure, the spacing of wells and the method of 
exploitation employed. Certain economic factors, such as the cost of 
production and the selling price of oil and gas, will also be important in 
deteroiiniiig the minimum profitable rate of recovery, which directly 
influences ultimate recovery. 

Influence op Reservoir Conditions on Storage Capacity 
AND Productivity 

The storage volume of an oil reservoir rock is a function of its porosity 
and thickness. The available storage space may be occupied partly by 
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water and partly by free gas, the gross volume of oil being measured by 
the percentage oil saturation. The gross oil content of an acre of oil- 
bearing land is equivalent to 43,560 (square feet in an acre) multiplied 
by the thickness of the reservoir rock, this product being multiplied by 
the percentage porosity, and the new product in turn, by the percentage 
oil saturation. Thus, if the reservoir rock is 10 ft. thick, has a porosity 
of 20 per cent and is 80 per cent oil-saturated, its oil content per acre is 

43,660 X 10 X 0.2 X 0.8 = 69,696 cu. ft. = 12,424 bbl. 

Neither the sand thickness, porosity or oil saturation remains constant, 
hence the oil content is ordinarily highly variable. 

The percentage of the oil content of the reservoir rock that we may 
hope to recover is dependent upon still other factors, such as the per- 
meability of the reservoir rock, the expulsive energy that can be brought 
to bear and the extent to which this expulsive energy is consumed in 
overcoming the retentive forces tending to oppose expulsion. The 
permeability of different portions of the reservoir rock varies within 
wide limits, and the relative magnitudes of the expulsive and retentive 
forces continually vary as drainage proceeds. These factors have been 
discussed more fully in previous sections. Deeper sands, possibly because 
of their generally smaller porosity, often contain less oil than shallower 
sands. On the other hand, because of the greater pressure existing within 
deep-seated formations and the greater gas energy available in them for 
expulsion of fluids, a higher percentage extraction of such oil as is present 
may be secured. 

Declestb in Initial Peoduction of Wells and Its Significance 

The initial production of wells on a given property or within a limited 
area decreases progressively from the time the flrst wells are drilled. 
This is occasioned by partial drainage of the sands by the earlier wells 
and, particularly, by dissipation of gas pressure within the reservoir rock. 
There are many apparent exceptions to this general rule in fields where 
the producing reservoir rock is not of uniform texture. Occasionally the 
early wells are drilled in portions of the field where the reservoir rock is 
thinner or less permeable; or perhaps they are improperly finished. 
Later wells, drilled in more favorable locations and drilled with full 
knowledge of the characteristics of the productive formation, sometimes 
develop greater initial productions. Figure 29 indicates the extent to 
which porosity of the reservoir rock may influence the initial productions 
of wells. However, once a field has reached such a stage of development 
that its boundaries have been fairly well determined and the productive 

* The barrel, containing 42 U.S. gal., has a volume of 5.6147 cu. ft. 
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possibilities of different areas within it are understood, the peak of initial 
production will hav'e been reached and will thereafter decline. The 
effect that a well will have in draining the area about it, and its influence 
on the productivity of subsequently drilled wells in its vicinity, will 
depend upon the time elapsing between its completion and the finishing 
of the later drilled wells and also upon the well spacing and permeability 
of tlie sand. 

Practice varies in the manner of rating the initial productions of new 
wells. Some operators give the first day’s production of a new well as 
its initial rate, whereas others give the daily rate of production 5, 10 
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{After A. F, Melcher, Am. Assoc. Petroleum Geol.) 

Fig. 29. — Graph iilastrating relation between sand porosity and productivity of wells in the 
Burbank field, Oklaboma. 

or 30 days later. Sometimes the initial production recorded is the average 
of the first 5, 10 or 30 days. As the rate of production during the first 
few days is often erratic, the latter plan seems preferable. Initial produc- 
tions are always expressed in barrels per day. 

Change in Density op Oil Produced as Exploitation Progresses 

The density of the oil produced from a well frequently increases as 
drainage progresses. This may reasonably be explained as a direct 
result of release of reservoir pressure and consequent escape of dissolved 
gas and vaporization of high-vapor-pressure constituents of the oil. 
The oil will frequently suffer a loss of several degrees in A.P.I. gravity in 
this way. In the vicinity of edge-water lines, the oil is frequently lower 
in A.P .1. gravity than at up-dip locations. Consequently, as edge water 
encroaches and begins to enter the up-dip wells, the oil will often be 
found to be of lower A.P.I. gravity than that previously produced. 
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However, the density of the oil produced by a well does not always 
increase as the well ages. If it produces from a formational interval 
that contains two or more separate reservoirs, it will often happen that 
the oils produced by the different reservoirs are of different gravities. 
The oil brought to the surface is a mixture resulting from contributions 
by the different reservoirs and the gravity of the mixture will range 
between that of the lightest and that of the heaviest, depending upon the 
percentage of the total that each represents. The oil of lower gravity 
may come from a reservoir rock more permeable than that which yields 
the lighter oil. Accordingly, the early production of the well will contain 
a high proportion of low-gravity oil, but the productivity of the more 
permeable reservoir diminishes more rapidly, and, as time passes, the 
oil brought to the surface will contain a higher percentage of lighter oil 
from the less permeable reservoir. The gravity of the oil mixture, as 
determined at the well-head, will in this case increase. The combined 
effects of variable rates of production from different reservoirs and declin- 
ing formation pressure may result in the A.P.I. gravity’s increasing for a 
time and then diminishing. 

The Production Record of an Oil Property 

The production record of an oil property is the composite result of 
the productions of its individual wells, and the operator is, perhaps, 
chiefly interested in individual well records in determining to what extent 
they influence or contribute to the property’s total. It is usual for a 
producer to bring his property to a daily rate of production that he, 
considers suitable by the early and simultaneous drilling of a sufficient 
number of wells to secure the desired rate. This results in a rapidly 
ascending saw-toothed production curve during the early months, each 
peak marking the completion of a new well. A brief decline in produc- 
tion following each completion is the result of characteristic rapid decline 
in “flush” production of the new wells, the troughs of the production 
graph becoming shallower with each completion because as the number 
of wells increases the influence of a new well’s production becomes less 
important in the property total. Once the desired rate of production is 
attained, new wells are drilled only at such times as they may be needed 
to maintain production. That is, new wells are completed from time to 
time to offset the declining productivity of the older wells, and the total 
rate of production for the property as a whole may, for a time, remain 
fairly constant. • Drilling to maintain production assumes that reserve 
undeveloped acreage is available, for, when the property is fully developed 
with the maximum number of wells that it will support, the rate of pro- 
duction will inevitably decline. The decline characteristics of the 
property production graph during this final period are quite similar to 
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those of an individual well when it has reached the settled’^ production 
stage ; that is, it exhibits a slow and fairly uniform rate of decline. 

The alternative method of early and complete development of the 
property by drilling all the wells at once, or during a short period of 
time, may, under some circumstances, result in ultimate production of 
a greater volume of oil, but is seldom feasible because of the added cost 
of the drilling equipment and working capital necessary. However, such 
a procedure would drain the property in a shorter period of time, greatly 
reducing the interest and other standing charges, and wPuld give ail 
the wells the advantage of maximum gas pressure in accomplishing 
extraction of the oil. The property production graph in this case becomes 
quite similar to that of an individual well.* 

Deilling to -Maintain Production 

It is apparent that, when the first of the two development plans out- 
lined in the foregoing section is followed, a more or less constant drilling 
campaign is in progress throughout the greater part of the productive 
life of the property. Since the initial productions of later drilled wells 
will decrease owing to decline in gas pressure, it follows that a constant 
rate of drilling will fail to maintain production, it being necessary to 
increase the frequency of completions as the property approaches full 
development. If the property is a large one and the production is 
contributed by a great many wells, it may become difficult or even impos- 
sible to keep pace with the declining production. 

The Time Factor in Oil Production 

Production lost or delayed as a result of artificial restriction of output 
or poor condition of wells or equipment is an important item for consid- 
eration in the management of every oil property. Wells are frequently 
idle for brief periods of time, ranging from a few hours to several days or 
weeks, as a result of failure of the power facilities, breakage of pumping 
equipment or its connections, lack of storage facilities or other causes. 
Prompt repair work at such times and constant attention to pumping 
equipment to prevent difficulties of this sort are cardinal principles in 
operation of the well-managed oil-producing property. The amount of 
time so lost will, of course, vary greatly, depending upon the conditions 
under which the oil must be produced. In some cases, where wells must 
be freciuently repaired and unconsolidated sands are troublesome, the 
average well may be ^^on production” for but little more than 50 per 
cent of the time. Under favorable conditions, the operating time may 
approach 100 per cent. 

* For a discussion of this subject from the development standpoint see vol. I, of 
this work, pp. 80 -' 82 . 
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Economic Life op Wells 

The period over which profitable operation of a w^ell may extend is 
dependent upon a number of variables, some more or less indeterminate. 
Where high-pressure gas furnishes the expulsive energy or where gravity 
is operative, the life of a well may be estimated by projecting the produc- 
tion graph to an assumed minimum rate of profitable production. 
Normal decline in production will progressively reduce the output to 
smaller and smaller levels, approaching but never quite reaching zero 
(see Fig. 38). The minimum rate of production to which it would be 
profitable to operate depends upon the production cost and selling price 
of oil; and, because of the slow^er decline rate toward the close of the 
productive life, a relatively small change in the minimum profitable rate 
of production may greatly prolong the economic life. Thus, a well that 
declines from 100 bbl. per day to 10 bbl. in 3 years may decline to 1 
bbl. daily in 7 years more and to }{q bbl. per day in an additional 20 years. 
A reduction from 1 to J'-fo bbl. in the assumed minimum profitable rate 
of extraction may thus treble the life of the well. 

Selling price of the oil is often a determining factor. In 1914, when 
California heavy crude was worth 32 cts. per barrel, certain wells pro- 
ducing less than 5 bbl. per well per day were unprofitable, but the same 
wells in 1921, when the oil sold for $1.60, were profitable though their 
productions had fallen to only 2 bbl. per well per day. The grade of oil 
produced also has an important bearing on the productive life of a well. 
While in 1920 the average California well could not be operated for much 
less than 2 bbl. per w^eil per day, if the same wells had been producing 
Pennsylvania grade crude, which at that time sold for nearly $6 per 
barrel, operations could have been conducted at a profit for only bbl. 
per well per day. Shallow wells in the Appalachian region, because of 
the high value of their product and low cost of operation, are sometimes 
pumped for but a few gallons of oil daily, perhaps being pumped for only 
a few hours every week, the small productions not justif 5 dng continuous 
operation. Some wells in this region have produced continuously for 
more than 60 years. Fields producing lower priced oil have a shorter 
prospective life. Assuming that a production rate of 1 bbl. per day will 
be the lower limit of profitable operation, Lewis and Beal estimate that 
wells in the Bartlesville field, Oklahoma, have an average life of about 
14 years. Average wells in certain fields of north-central Texas, on this 
same basis, have an indicated life of from 15 to 20 years and wells of 
San Joaquin Valley, California fields, 20 to 25 years. From the Law 
of Equal Expectations, which states that wells in a given field having 

* For a more detailed discussion of the Law of Equal Expectations, see voL I of 
this work, p. 89. 
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the same output at a given time have the same future expectations 
regardless of their ages, it can be demonstrated that wells of large initial 
production will have a longer life than those of smaller initial production. 

Underground Losses of Oil and Gas 

Physical losses of oil brought to the surface are not ordinarily serious. 
Most of the losses occur underground where, unfortunately, they are not 
visible and as a result their magnitude is often not fully appreciated by 
oil producers. The comparatively low percentage of the drainable oil 

secured in most fields is a partly 
remediable waste in that more effi- 
cient recovery processes might be 
applied to secure a larger percent- 
age of the oil. Exploitation 
methods providing for more efficient 
utilization of the natural expulsive 
forces associated with the oil and 
secondary recovery methods em- 
ploying artificially developed energy 
to secure additional production 
after the primary expulsive forces 
have been dissipated are described 
in later sections. 

Important underground losses 
result from erratic drainage effects 
occasioned by irregularities in ar- 
rangement and spacing of wells, 
the top of the producing formation. Even though wells may be uniform- 

ly spaced at the surface and ar- 
ranged in accordance with some approved geometric pattern^ yet 
crookedness and drift of wells from the vertical may result in their pene- 
trating the oil-bearing formation at positions far removed from their sur- 
face locations. Large areas may thus be left undrained (see Fig. 30). 
Even though wells are uniformly spaced within the horizon of the reservoir 
rock, efficient drainage will be secured only in their immediate vicinity, 
and areas midway between wells will often be left saturated with a large 
part of their original oil. Five-spot’^ wells drilled midway between the 
original locations in the older fields often encounter well-saturated 
reservoir rock, but the oil is largely gas-drained and the formation so 
depleted of pressure that recovery of the oil is difficult or impossible 
unless recourse is had to secondary recovery methods. Closer spacing 
and accurate drilling of wells will reduce such losses. 
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Another important cause of underground loss of petroleum in oil- 
field exploitation is found in the irregular incursion of edge water. High- 
pressure edge waters force their way up-structure toward the recovery 
wells, progressing rapidly along the more permeable channels and sur- 
rounding large bodies of oil in the less permeable slower draining portions 
of the reservoir rock. Once cut off from the wells in this way, such oil 
is not easily recovered. The remedy lies in adoption of methods of well 
control that will result in a slow, orderly advance of edge water. 

The interval left open to the formation penetrated by a well often 
includes strata of porous ^Mry^’ sands that contain neither oil nor water. 
Such strata may be occupied only by gas, which quickly escapes, and 
thereafter oil may enter them from overlying or underlying oil-bearing 
strata through the wells. Oil thus spread over enormous surfaces of 
formerly barren sediments is seldom recoverable in subsequent exploita- 
tion. It is believed that low-pressure “thief’’ sands of this character 
account for important underground losses in many oil fields. Accurate 
information concerning the depths at which such strata are penetrated 
by the wells will permit of sealing them behind a liner with cement, or 
closing their pores at the walls of the wells with colloidal clay or chemical 
precipitates. 

Serious losses occur in drainage of primary gas caps by wells tapping 
reservoir rocks at or near their structural crests. Such wells have, in 
some instances, been permitted to blow gas to the atmosphere for weeks 
or months in the hope of bringing oil to the crestal areas from the oil- 
saturated reservoir rock structurally down-dip from the gas-cap area. 
This practice not only results in physical wastage of gas and depletes 
reservoir energy that might better be employed in expelling oil from the 
reservoir rock, but it also causes invasion of oil into a portion of the 
reservoir formerly comparatively dry, with subsequent loss of a large 
part of the invading oil by adhesion on exposed mineral surfaces. Better 
practice would contemplate leaving the gas-cap area undrilled, taking 
production from down-dip areas in which the reservoir rock is oil-satur- 
ated, but such a program is not usually feasible unless the field can be 
operated as a unit. 

Ultimate Pekcentage Recovery 

Estimates of the percentage of the original fluid content of an oil 
reservoir rock that may be recovered by present-day methods of pri- 
mary exploitation, utilizing only the expulsive forces provided by nature 
and ordinary methods of flowing and pumping, range from 10 to 80 per 
cent. Precise data, of course, are not available, most estimates being 
mere generalities based on rather uncertain assumptions relative to 
reservoir rock thickness, porosity and saturation. The ultimate per- 
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cent age recovery would be expected to vary within wide limits, depending 
upon the character and magnitude of the expulsive forces operative, the 
permeability of the reservoir rock, methods of field exploitation and well 
control. These factors vary not only as between different fields, but 
also ill different areas of the same field and, about the same well, as 
between different component members of the reservoir rock. 

Field Studies of Recovery Efficiency.— We may reasonably estimate percentage 
recovery on the basis of acre-foot yields, comparing the total pore space available for 
storage of fluids in an acre-foot of average reservoir rock. An oil reservoir stratum 
1 ft. thick, and 1 acre in expanse has a volume equivalent to 7,758 bbl. If we assume 
that porosities of reservoir rocks yielding commercial production range from 10 to 
30 per cent, the pore space available for storage of fluids would be, respectively, 776 
and 2,327 bbl. If an average oil sand has a porosity of, say, 20 per cent, its storage 
capacity would be 1,552 bbl. per acre-foot. In comparison with these figures repre- 
senting what might be considered to be minimum, maximum and mean reservoir-rock 
storage capacities, it is found that actual recoveries seldom exceed more than a few 
hundred barrels per acre-foot. For example, the Wilcox horizon of the Oklahoma City 
field, Oklihoma— an unusually porous and permeable sand— produced 448 bbl. per 
aeie-f(>i)l deniTig the first 6 years of the life of the field. The Seminole County fields 
of Oklalioiaa. unusually prolific producers, yielded about 1,000 bbl. per acre-foot 
duiing t hfur fn st 6 years. These are high values : most fields produce less than 200 bbl. 
p<u acre-foo! dtiring their years of profitable exploitation-. If it be assumed that the 
|)ore.^ nf the reservoir rock are originally saturated with oil, the indicated percentage 
rec<iv<iry is necessarily low, probably never exceeding 50 per cent, even in such highly 
pernioaiflo reservoirs as the Earlsboro and West Seminole fields of Oklahoma, and 
being more frequently of the order of 25 per cent or less. 

Actual recoveries in producing oil fields are reported, by many authorities, to be 
as low as 15 or 20 per cent. Mining operations within the oil sands in the Pechelbronn 
oil field in Alsace have indicated that the total recovery by producing to the lower 
limit of economic recovery through w'ells was only 16.7 per cent of the total original oil 
content. In diamond drilling between some of the wells in certain of the oil fields of 
northeni Pennsylvania, which had been producing for more than 60 years, part of 
Ihe time with the wells under vacuum, the writer found that much of the oil-bearing 
formation cored still contained more than 90 per cent of the original oil. Even the 
irior(‘ poriui^able strata were found to be 60 per cent oil-saturated. In a formal state- 
ment l>efore the U. S. Federal Oil Conser^^ation Board, J. 0. Lewis, who has made 
fhdailed recovery studies in many American oil fields, expressed the opinion that, in 
the* average American oil field, only about one-seventh of the original oil content is 
pruduce^d liy ordinary methods of flowing and pumping, but that an additional one- 
seveiith might be secured by pressure driving with gas or compressed air. 

That tiie efficiency of oil expulsion by expanding gas is low under the usual field 
coaditirins can be demonstrated by comparing the relative volumes of gas and oil 
prociiiced from oil wells. In many fields, during the period of ''flush” production, 
wells yield from 1,000 to 4,000 cu. ft. of gas per barrel of oil. If the initial reservoir 
pressure is 500 lb. per square inch, an average barrel of oil is capable of retaining about 
105 cm ft. of gas in solution; but, if 1,000 cu. ft. of gas flow from the well with each 
barrel, of oil, it is clear that about nine times as much gas is being produced as the oil 
is capalde of dLssolving at the prevailing pressure. That is, if it be assumed that all 
of the gas was originally dissolved in the oil, each barrel brought to the surface is 
produced at the expense of gas from 9 bbl, of "dead” (gas-drained) oil left unrecover- 
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able in the reservoir rock. In this case, the efficiency of gas expulsion due to escape 
of gas from the oil in the reservoir rock is only 10 per cent, and with higher gas-oil 
ratios the efficiency will be correspondingly reduced. Gas-oil ratios can seldom be 
reduced below 500 cu. ft. per barrel in a flowing well, and, unless large quantities of 
free gas are stored in the formation with the oil, it would seem that the efficiency of 
gas expulsion may only occasionally exceed 20 per cent. 


Table IV. — Results op Expebiments Indicating Effects op Properties op Oil 
AND Characteristics op PtSSERvoiR Rock on Efficiency of Displacement 
OF Petroleum prom Unconsolidated Sand by Water Flooding 


Character of oil 

A.P.I. 

gravity 

Viscosity, 
Saybolt sec. 
at 65°F. 

Interfacial 
tension between 
oil and water, 
dynes per cm. 

Recovery, 
per cent* 

1 

I 

Motor gasoline 

54.5 

30 

19.9 

! 

67 

Oklahoma crude 

41.5 

53 

12.6 

73 

Santa Fe Springs, Calif., crude 

31.5 

80 

16.3 

60 

Los Angeles Basin crude 

24.0 

156 

17.5 

20 

Kern River, Calif., crude 

15.0 

6,000 

18.6 

2 


Sand size, mesh 

Porosity of sand, per cent 

Percentage recovery t 

20- 40 

45.0 

41.3 

40- 60 

42.3 

30.0 

60- 80 

43.0 

34.2 

80-100 

45.0 

33.0 

100-120 

41.6 

27.4 

150-200 

45.4 

9.6 

40- 48 

41.1 

37.5 

00 

1 

o 

35.0 

32.5 

40- 48 

29.1 

22.2 


* 40- to 48-mesh beach sand was used in these experiments, porosity about 35 per 
cent in each case. 

t A Los Angeles Basin crude of 25° A.P.I. gravity was used in these tests. These 
experiments were conducted in vertical glass cylinders, flooding upward. 

Those who claim that recoveries of the order of 50 to 80 per cent of the oil present 
in a reservoir rock may be secured in ordinary oil-field operations generally assume that 
encroaching edge water Aviil displace much of the oil left behind in the reservoir rock 
after gas expansion and gravity drainage. In some cases, where cores have been taken 
of an oil sand behind an advancing edge-water front, the pores of the sand have been 
found to be practically free of residual oil. However, it is ahvays questionable in such 
cases whether the oil may not have been displaced from the sand during the process 
of cutting the core. Even though one might concede that the more permeable drain- 
age channels are washed fairly free of oil by the advancing edge water, there is good 
evidence for the belief that the water advances quite irregularly through different 
portions of the reservoir rock. The water passes more rapidly through the highly 
permeable channels, engulfing large bodies of ‘Right’’ sand before the oil has been 


62 


OIL FIELD EXPLOITATION 


displaced from them. In many oil fields, the edge waters do not rapidly encroach 
into the oil-producing areas. In some instances, well defined edge-water lines have 
been under oliservation for many years and have advanced only a few hundred feet 
per year In .such cases, it is difficult to visualize any marked increase m recovery 
as a result of edge-water flooding during periods of time in which we are today finan- 
cially interested,” except in the limited areas within which movement of water is active. 
Ewn in such areas, practical field experience with the water-flooding process indicates 
that the over-all recovery of residual ofl. will be low. 


Table V. Results op Experiments Indicating Inplubnob op Properties op 

Oil and Characteristics op Reservoir Rock on Eppiciency op Gravity 

Drainage 


Sand properties 

Oil used 

Recovery, per cent* 

Grain size, mesh 

Porosity, per cent 

10-20 

34.6 

31° crude 

88.7 

20-30 

37.6 

31° crude 

85.9 

30-40 

41.5 

31° crude 

75.6 

40-50 

41.8 

31° crude 

67.5 

50-60 

42.0 

1 31° crude 

64.9 

10-20 

36.2 

19° fuel oil 

87.2 

20-30 

36.8 

19° fuel oil 

83.0 

30-40 

38.9 

19° fuel oil 

62.0 

40-50 

41.1 ' 

19° fuel oil 

60.3 

50-60 

42.7 

19° fuel oil 

58.7 

10-20 

36 

24 . 5° crude 

49.1 

10-20 

36 

19.0° crude 

44.0 

30-40 

35 

24.5° crude 

41.1 

30-40 

35 

19.0° crude 

29,7 

50-60 

37 

24.5° crude 

35.6 

50-60 

37 

19.0° crude 

24.9 


The first two groups of experiments in the foregoing table were conducted in 
vertical cylinders, draining the oil vertically downward; the third group was conducted 
in a rectangular glass tank with some horizontal movement of the oil to a well outlet, 
drainage being assisted in this case by a vacuum pump exerting slight suction. The 
31*" crude had an absolute viscosity of 0.158 poises at the temperature of use; that of 
the 19*^11101 oil was 3.97 poises and that of the 19° crude, 4.20 poises. Unconsolidated 
sand, was used in each experiment. 

Laboratory Studies of Recovery Efficiency.— Laboratory experiments designed to 
determine the efficiency with which residual oil may be displaced from sands by water 
flooding, conducted by the author and his associates, confirm the preceding reasoning 
if due allowance is made for the higher recoveries possible under the more favorable 
drainage (.'onditions maintained in laboratory apparatus. Table IV presents results 
that are typical of many experiments performed with oihsaturated unconsolidated 
sands to demonstrate the influence of grain size, porosity, viscosity and surface tension 
on the recovery efficieney of water flooding. Using well-consolidated sandstone blocks 
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of 23 per cent porosity, saturated with 41°A.P.I. crude, Beckstrom and Van Tuyl* 
secured recoveries of only 9 per cent by water flooding under carefully controlled 
laboratory conditions. 

Many experiments have also been conducted by the author and his associates, 
in different forms of apparatus and with different sands and oils and methods of 
control, to determine the ultimate percentage recovery of oil by gravity drainage and 
gas expulsion. Table V presents results secured from unconsolidated sands by gravity 
drainage alone. A form of apparatus, believed to duplicate all of the conditions 


Table VI. — Results of Expeeiments Indicating Influence of Initial Reservoir 
Pressure on Ultimate Recovery of Oil from Unconsolidated Sand 
Charged with Gas-saturated Oil* 


Initial pressure, 
lb. per sq. in. 

Solubility factor, cu. 
ft. gas per bbl. oil 

Recovery in per centf 

Maximum 

Minimum 

25 

4.77 

9.4 

9.4 

50 

9.54 

12.5 

11.7 

75 

14.22 

15.0 

13.2 

100 

18.98 

17.0 

14.5 

150 

30.32 

20.3 

16.5 

200 

37.75 

23.4 

18.1 

300 

56.70 

28.0 

20.5 

400 

75.40 

31.1 

22.5 

500 

94.32 

33.8 

24.2 

600 

113.07 

36.1 

25.7 

700 

132.26 

38.1 

27.0 

800 

151.02 

40.0 

28.0 


* See paper by Mills, Chalmers and Desmond, referred to below, 
t Several tests were made for each initial field pressure and the table gives maxi- 
mum and minimum values recorded for each pressure. 


existing near the wall of a well penetrating a high-pressure deep-seated reservoir rock, 
has been used in the Petroleum Engineering Laboratories of the University of Califor- 
nia to study percentage oil recovery by gas expulsion. When a medium-grained 
beach sand is used, porosity 32 per cent, and oil of 25°A.P.I. gravity (viscosity 1.08 
poises), only 9.1 per cent ultimate recovery was secured when the initial ^ Afield” 
pressure was 400 lb. per square inch, the oil being saturated with dissolved gas 
at this pressure. In a second test, in which the initial pressure of the gas-saturated 
oil was 600 lb., the recovery secured by exhaustion of pressure was 13.1 per cent. 

Using a cylindrical pipe filled with tightly compacted unconsolidated sand, Mills, 
Chalmers and Desmond, of the U. S. Bureau of Mines, t also performed a series of 
experiments employing the expanding force of dissolved natural gas and designed to 
determine the influence of initial field pressure on ultimate recovery. The sand was 
unusually fine grained, the predominating size of grain being 80 to 200 mesh. Its 

* Beckstrom, R. C., and Van Tuyl, F. M., The Effect of Flooding Oil Sands with 
Alkaline Solution, Bull Am. Assoc. Petroleum Geol., vol. 11, pp. 223-“236, March, 
1927. 

t Mills, R. V. A., Chalmers, J., and Desmond, J. S., Oil Recovery Investigations 
of the U. S. Bur. Mines, Tech. Pub. 144, Am. Inst. Mining Met. Eng,, 1928. 
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porosity was 30.6 per cent. The oil used was Bartlesville, Okla., crude of o3 A.P.I. 
g;ravitv, having a viscosity of 47 sec. Saybolt universal at 70 F., the tempeiature at 
which the tests were conducted. In each test, the oil was saturated with a compara- 
tively dry natural gas consisting chiefly of methane. Table VI gives the results. 

Per Acre Yields 

The productivity of an oil-producing property is conveniently 
expressed in terms of ultimate yield of oil and gas per acre. If all parts 
of a productive area are equitably exploited, each acre of land should 
yield only such oil and gas as is stored within its boundaries and the 
ultimate yield would be measured by the thickness and porosity of the 
reservoir rock, the formation pressure and the efficiency of recovery 
achieved. However, equitable drainage conditions are seldom realized, 
and frequently the productivity of some portions of a field is apparently 
greater by reason of drainage from surrounding areas in which develop- 
ment is delayed or in which fewer or less efficient wells are drilled. In 
many instances, unusually high per acre yields in local areas are the 
result of early, intensive drilling and wide-open flow of wells, thus cre- 
ating a low-pressure ‘“'sink^’ in the reservoir rock in the locality, resulting 
in drainage of oil and gas into the area from surrounding acreage. In 
this way, by intensive exploitation, certain areas are made to yield large 
volumes of oil and gas at the expense of less intensively exploited sur- 
rounding areas. When we consider the yield of an entire field, however, 
competitive situations do not enter and the per acre yield becomes a 
eoiiveuient factor by means of which the productivity of different fields 
may he compared. Values range from but a few hundred to several 
hundred liioiisaud barrels per acre. The more prolific fields, such as 
th<‘ Long Bench field of California, which up to the end of 1935 had 
achieved a total production in excess of 431,000 bbl. per acre, produce 
from, many hundreds of feet of reservoir rock, often several distinct 
^tzones,^’ one below another, which are in reality separate pools, though 
they produce through substantially the same surface acreage.* The better 
known producing fields of Oklahoma and north, central, east and west 
Texas liave produced from 20 to 40 thousand barrels per acre. Many of 
the le.^.^^ important fields of the mid-continent region have produced less 
tluui 5,000 bbl. per acre. The Gulf Coast salt-dome fields are more 
prolific, ac'hieving, in some cases, productions in excess of 200,000 bbl. 
per nere. The luiusually prolific deep zone of the Spindle Top field 
produced hi excess of 475,000 bbl, per acre prior to 1936 and will eventually 
<?xf*ee(i 500,000 bbl. per acre. 

The Exploitation >System and Its Influence on Ultimate Recovery 

1 hc; ultimate recovery obtainable from an oil-producing property will 
be infiuemuNl to an important extent by the arrangement of wells with 
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respect to structure and producing zones and with the system of well 
control exercised. If, as is frequently the case, wells near the structural 
crest produce with a high gas-oil ratio, they should be shut in and pro- 
duction taken from further down on the flanks of the structure. Here 
lower gas-oil ratios are usual, and the gas cap may be preserved to exert 
static pressure on the oil throughout much of the productive life of the 
field. Oil should not be permitted to move up-dip into comparatively 
dry portions of the reservoir rock in the gas-cap area of the field. Oil 
necessary to wet the exposed surfaces of the reservoir rock will be largely 
retained by the force of adhesion and will, for the most part, remain 
unrecoverable. The rates of production of diflerent wells should be so 
regulated that there may be an approximately uniform reduction in 
reservoir pressure throughout the productive area as production proceeds. 
As explained in a later section (see Chap. VI), increased ultimate recovery 
is realized if gas stripped from the oil is recompressed and returned to the 
reservoir rock in the gas-cap area of the field, thus tending to maintain 
reservoir pressure. Maintenance of a slow, uniform rate of edge-water 
incursion will result in greater recoveries than are possible if irregularity 
in formation pressure, developed by lack of appropriate regulation of 
wells, permits of '^fingering” of edge water with consequent trapping of 
oil. A cardinal principle in oil-field exploitation is that the oil and gas 
should not be moved through the reservoir rock for a greater distance 
than is necessary to reach the nearest w^ell outlet. Observation of this 
rule will result in bringing oil into the wells with a minimum consumption 
of reservoir energy per unit of oil produced, thus leading to maximum 
possible recovery of drainable oil. 

Systematic planning and execution of an efficient exploitation pro- 
gram are possible only when property is held in large tracts. Preferably, 
the field should be operated as a unit, free of the restrictions imposed by 
divided ownership. Competitive principles, which require ^^offsetting’^ 
neighboring operations and maintenance of conditions resulting in a 
maximum rate of recovery for all of the wells, are often economically 
and physically injurious, leading to lower ultimate recovery and smaller 
profits. The advantages of unitization of oil-producing properties are 
discussed in voL I of this work, pages 100 to 106. Where an entire 
field can be operated as a unit, adoption of an efficient exploitation system 
should result in a materially greater recovery than wmiild otherwise be 
possible. Rather than develop the entire productive area at once, the 
plan of exploitation followed might contemplate a program of progressive 
development designed to take maximum advantage of the natural 
expulsive forces operative. 

For example, in the case of a typical elongated dome or anticline, 
with a primary gas cap at the structural crest, one or two rows of wells 
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might be drilled along structure contours in the oil-saturated portion of 
tliti reservoir rock outside the gas-cap area. Production would here be 
secured by release of dissolved gas from the oil in the immediate vicinity 
of the weilSj aided by downward static pressure of the gas in the near-by 
gas-cap area. All surplus gas stripped from the oil, and not needed for 
lease purposes, is recompressed and forced back into the reservoir rock 
in the ga,s-cap area through crestal wells, thus tending to maintain 
reservoir pressure (see Chap. VI). After drainage proceeds for a time, 
gas from the gas-cap area will take possession of drainage channels feeding 
tlie uppermost row of wells. This will be indicated by a rapidly increas- 
ing gas-oil ratio. These wells will then be shut in and a new row’- of wells 
drilled and opened for production on a structurally lower contour. Thus, 
development gradually progresses down-dip, row by row, wells being 
drilled, produced for a time and shut in as they become enveloped by the 
expanding ga,s cap until the edge-water line is reached. 

Up to this time, the edge-x7ater line has been held stationary, or 
substantially so, by maintenance of high gas pressure in the crestal area 
of the field. A large portion of the drainable oil will be thus secured, 
and some of the residual oil and most of the gas stored in the reservoir 
may tlieii be secured by depleting pressure, first in the lowermost row of 
wells nearest the edge water, allowing the latter to encroach up-dip. 
When these wells become flooded by edge water, they are abandoned 
and the next up-dip row reopened for production. In this manner, by 
retreating progressively up-dip, row by row, toward the crest of the 
structure, the field is gradually watered out and will be ready for aban- 
donment when edge water reaches wells at the structural crest. Although 
reco\'ery will be less rapid by this method than in more intensive systems 
of exploitation, it is believed that such a plan will result in materially 
greater percentage recovery of the drainable oil than would otherwise 
be possible. 

The opposite plan of taking early production from wells drilled in the 
vicinity of the edge-water line and retreating toward the crest of the 
structure has also been proposed for use in exploitation of fields in which 
production is secured from very porous reservoir rocks and high-pressure 
edge water is the dominant expulsive force. New rows of wells are drilled 
along progressively higher structure contours as the down-dip wells are 
watered out by incursion of edge water. An effort is made so to regulate 
the rate of production of different wells that the edge water maintains an 
approximately level front and is not permitted to finger in’’ along the 
inoi e permeable channels and component members of the reservoir rock. 

* OoBMTT, C. S., Suggested Procedure for Exploitation of an Oil-bearing Structure 
By Unit Operation, 'Petroleum Development and Tecbnology, 1930,” pp. 128-141, 
Am. Inst Mining Met. Eng. .. . ,, ,, 
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The planning of a systematic exploitation program becomes more 
complex when there is more than one productive zone. In multizone 
deposits, each producing interval should be considered as though it were 
a separate field and its individual development and drainage planned 
accordingly. The question arises whether each zone should be simul- 
taneously exploited or whether greater efficiency might not be achieved 
by draining each zone successively. And if the latter plan is adopted, 
there is the further question of whether the upper zone should be exploited 
first, deepening the wells to successively lower zones as the one above 
is exhausted, or whether the lowermost zone should be first drained, 
plugging the wells back to upper horizons in turn as the lower producing 
interval becomes exhausted. If there are no intermediate waters, it is 
feasible to have several zones open to production in the same well at the 
same time, but in this case trouble is likely to be experienced when edge 
water begins to make its appearance. The edge waters are usually 
structurally higher in some zones than in others, and water will make its 
appearance in one zone while others are still producing clean oil. Opera- 
tion of the well must then be interrupted while the offending zone is 
cemented off, and plugging operations must be repeated for each zone 
in turn when it becomes wet. 

Well Density and Its Influence on Recoveby Efficiency , 

One of the most important factors influencing the rate of production 
and ultimate recovery obtainable from an oil-producing property is the 
number of wells drilled on it. Widely spaced wells do not influence each 
other’s productions to the same degree as do closely spaced wells, and 
consequently they decline less rapidly. That is, wide spacing tends 
toward long life and slow decline and close spacing results in short life 
and rapid decline. Well performance depends somewhat upon the 
expulsive forces operative. Where the expulsive force is primarily 
expanding gas, within certain limits, the amount of production secured 
from a property will increase with the number of wells drilled. How- 
ever, there is some evidence which seems to indicate that because of gas 
wastage too many wells may result in smaller ultimate recovery than 
would be possible with a smaller number. Some authorities believe that 
the ultimate recovery will be the same under a given set of conditions, 
irrespective of the number of wells drilled, a large number of wells merely 
producing the oil in a shorter time than a smaller number. This is 
possibly true where encroaching edge water furnishes the expulsive energy 
but is an unreasonable premise when gas energy and gravitational forces 
are dominant. The subject of well spacing in its relation to the develop- 
ment of oil-producing properties has been discussed in vol. I of this work, 
pages 86 to 93. 


68 


OIL FIELD EXPLOITATION 


The economic number of wells to drill on a given property is deter- 
mined by balancing the total cost of producing oil, including develop- 
ment charges, against the total amount for which the oil and gas pro- 
duced can be sold, due allowance being made for deferring of revenue in 
computing present-day values. The cost of extraction does not increase 
uniformly with percentage recovery, but in most cases increases rapidly 
as the higher percentage recoveries are attained. In most cases there- 
fore, it is not profitable to secure the maximum quantity of recoverable 
oil, greater profits being realized on a lower percentage extraction than 
the maximum physically possible, because the production costs are lower 
with the less complete recoveries. 

With high ultimate recovery per acre and a higher price for oil, wells 
can be more closely spaced. The influence of future price of oil on well 
spacing is especially significant. If it is assumed that oil prices during 
the later years of the productive life of a property are likely to increase 
greatly, it will often appear that a given property may support double 
the number of wells that present-day oil prices would justify. The 
question of whether, say, 64 or 100 wells should be drilled on a section 
of land would thus be answered by determining whether or not the addi- 
tional oil recovered and the earlier returns on the investment would 
compensate for the cost of drilling and operating the additional number 
of wells. The future selling price of oil will always be a most uncertain 
factor in such computations. 

Time op Drilling and Its Influence on Ultimate Production 

The time at which wells on a given property are drilled in comparison 
with the time of surrounding development has an important bearing upon 
both their initial and ultimate productions. Particularly is this true 
when expanding gas is the dominant expulsive force and where the com- 
petitive system of field exploitation is in vogue. Early wells in a locality, 
receiving the benefit of maximum reservoir pressure, attain higher initial 
productions and ultimate recoveries, whereas later drilled wells suffer 
important losses in comparison. The loss sustained by delay in develop- 
ment will vary with the extent of surrounding development, the size of 
the pool, the comparative size of the undrilled area, the extent of delay 
in drilling and the degree of protection that the operator may have 
secured against drainage by drilling offset wells. The importance of 
timely development has been discussed in greater detail in vol. I of this 
work, pages 83 to 85. 

The Rate op Production and Its Inpluencb 
ON Recovery Efficiency 

In an earliei section, it has been shown that the pressure loss in moving 
fluids through a reservoir rock increases directly with the linear rate of 
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flow. It follows that reduction in rate of flow results in smaller consump- 
tion of reservoir energy and that if a producer were content to take his 
oil less rapidly, he would conserve formational energy and thereby ulti- 
mately produce more oil. However, such a conclusion rests on the 
assumptions that we are dealing with a product of uniform physical 
characteristics and that it is feasible to apply reservoir energy with equal 
elSciency at all rates ol flow. When expanding natural gas furnishes 
the expulsive energy, neither of these assumptions is true. The volume 
of the mixture of gas and oil and the resistance offered to flow are con- 
tinually varying as pressure is reduced during flow through the reservoir 
rock. Slippage or by-passing of gas through the oil occurs to a greater 
extent at some rates of production than at others. That is, for a given 
set of reservoir conditions, there is probably a critical rate of production 
that will be found most efficient. Taking production more or less rapidly 
than this critical rate will result in loss of reservoir energy and production 
of oil with a lower unit energy consumption. This observation is in 
accord with the conclusion reached in a later section (see page 89), that, 
for each well at a given time, a minimum gas-oil ratio is achieved at a 
certain production rate, which rate is the most efficient one to maintain 
if the producer desires to attain a maximum ultimate recovery. 

In periods of oversupply, proration restrictions may compel produc- 
tion at some other than the most efficient rate. In this case, it will 
be advantageous to shut in some wells so that others may be operated 
at the most efficient rate; or all wells may be operated intermittently, 
the shut-down intervals being so timed that the wells may be operated 
at the most efficient rate during such time as they are permitted to pro- 
duce. If some wells are shut in while others are permitted to produce, 
the low gas-oil ratio wells should be operated while the high-ratio wells 
should be shut in. If a well is near edge water, or if water occupies the 
lower strata of the formation open to the well, taking production too 
rapidly may cause the water to “cone up” about the well, takingposses- 
sion of the wall rocks to the exclusion of oil. 

The Gas-oil Ratio as a Measure of Oil Production Efficiency 

In reservoirs where gas energy furnishes the expulsive force, methods 
of well operation and control that bring the oil to the surface with a 
minimum volume of gas per unit volume of oil, and with minimum deple- 
tion of reservoir pressure, are regarded as most efficient. Each cubic 
foot of gas expanded from reservoir pressure to atmospheric pressure 
reduces, by so much, the total energy available. With this concept of 
reservoir energy in mind, petroleum technologists have come to regard 
the “gas-oil ratio,” or “gas factor” as it is sometimes called, as a measure 
of production efficiency. Comparison of gas-oil ratios for different wells 
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producing concurrently under comparable reservoir conditions in the 
same field thus affords a basis for comparison of production efficiencies. 
The relative efficiencies of different methods of well control, or systems 
of recovery, may also be determined on this basis. 

The gas-oil ratio may be expressed either in cubic feet of gas per barrel of oil or in 
Cubic feet of gas per cubic foot of oil* usually the barrel unit is used, in American 
practice. The volumes are those gaged at the surface after correction to standard 
conditions of pressure and temperature (see Chap. VIII). The gas-oil ratio is widely 
variable, ranging from as little as 150 cu. ft. per barrel to many thousands. Different 
methods of well control, imposing varying degrees of back pressure on the wells, will 
influence the gas-oil ratio. For example, in flowing wells, formational gas energy is 
called upon not only to bring oil into the well, but also to lift it to the surface. Conse- 
quently, more energy is consumed and the gas-oil ratio is higher than in pumping wells 
where the formational gas energy is entirely relieved of the burden of lifting the oil. 
Where edge-water pressure aids in forcing oil into the w^ells, less gas energy is necessary 
and lower gas-oil ratios are the rule. 

The gas-oil ratio commonly increases for a time as exploitation of the field pro- 
gresses, and later declines. Increase in the ratio is probably due to greater oppor- 
tunity for by-passing of the oil by gas in the reservoir rock after flow channels have 
been partly drained; or, as suggested below, it may be due to general reduction in field 
pressure. Decline in the gas-oil ratio during the later life of a field is a result of 
exhaustion of gas in the formation, the gas being drained from the reservoir more 
rapidly than the oil. Spacing of the w^ells also has influence on the opportunity for 
gas drainage, closely-spaced w-ells generally producing with higher gas-oil ratios than 
more widely spaced w*ells. Wells situated on or near the crest of a producing structure 
commonly produce their oil with higher gas-oil ratios than wells situated further dowm 
on the flanks. 

The volume to which a cubic foot of formational gas will expand, when measured 
at the surface under standard conditions of pressure and temperat\.ire, will depend 
upon the formation pressure. We may not, therefore, indiscriminately compare 
gas-oil ratios wdien wells are producing under wddely varying field pressures. More 
energy is released by expansion of a cubic foot of formational gas in a high-pressure 
reservoir than \?hen the reservoir pressure is low. Hence, a smaller gas-oil ratio is 
usual in producing from high-pressure reservoirs. This is another reason, besides 
that already cited, for increase in the gas-oil ratio as exploitation progresses. 

Comparisons of production efficiencies of wells should be made on the basis of 
energy consumed, and use of the gas-oil ratio in this connection is justified only on 
the assumption that the volume of gas produced is proportional to energy consump- 
tion. This is true, however, only when \vells are producing from reservoirs having 
substantially the same pressure. If this is not the case, correction should be made 
for any difference in reservoir pressure that is knowm to exist. When reduced to the 
energy basis of comparison, it will sometimes happen, when the efficiencies of two 
wells are compared, that the one show^ing the highest gas factor will be producing its 
oil with a low*er unit energy consumption. For example, suppose that in case 1, a 
well is producing with a gas factor of 1,500 cu. ft. per barrel from a formation pressure 
of 250 lb. per square inch; whereas, in case 2, 1,000 cu, ft. of gas is produced with each 
barrel of oil but the formation pressure is 500 lb. per square inch. Here well 2 has the 
lower gas-oil ratio but is producing its oil with an energy consumption approximately 
1,4 times that of 1. The author has suggested that a more appropriate basis of 
effieleney comparison wonid be the product of the gas factor by the nunaber of times 
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that the volume of gas has increased in expanding from the formation pressure to that 

at which the volume is measured, 

Importance of Pressure Control op Wells in Attaining Maximum 

Recovery Efficiency 

Ir the preceding section, it has been shown that for a given set of 
reservoir and operating conditions the ratio of the volume of gas produced 
by a well to that of the oil is a measure of production efficiency. It may 
also be shown that gas-oil ratios may be controlled to a certain extent 
by regulating the back pressure maintained within the well against the 
exposed face of the reservoir rock (see page 122). In the case of a 
naturally flowing well, back pressure against the producing formation 
may be regulated by means of surface or bottom-hole chokes, or by spring- 
loaded valves on the gas outlet from the oil and gas separator. Back 
pressure against the formation will also be influenced by tubing design 
(see page 130). In the case of gas-lift wells, the size of the eduction 
tube, the depth to which the tubing extends, the pressure and volume 
of circulated gas, the height of lift and other related factors will determine 
the back pressure exerted against the productive formation. In pump- 
ing wells, the operating fluid level in the well and the gas pressure 
in the annular space between tubing and casing above the oil determine 
the degree of back pressure maintained. It will be important to place 
the working barrel of the pump at an appropriate depth and to adopt 
a suitable rate of pumping to maintain the fluid level in the casing at 
whatever elevation will develop the most efficient back pressure on the 
productive formation. Individual wells must be carefully studied to 
determine the most efficient back pressure, and critical attention should 
i be given to each well to make certain that the most effective operating 
conditions are prescribed. In this connection, complete and accurate 
production and pressure records will be of the utmost importance. 
Lower gas-oil ratios are secured by reaming and maintaining cavities 
about wells within the reservoir rock (see page 112) and by using larger 
diameter flow strings. Such measures reduce the pressure loss of oil 
and gas in flowing from the reservoir rock into the well and lead to more 
efficient use of reservoir energy and greater ultimate recovery. 

The problem of pressure control is not to be thought of as applicable 
only to the individual well but as of broad significance in exploitation of 
the field as a whole. That is, it will be important to give consideration 
to regulation of pressure as between different parts of the field, so that 
irregularity in rate of decline of reservoir pressure may be avoided. If 
groups of wells in different parts of the productive area are permitted 
to reduce reservoir pressure more rapidly in their vicinity than is the 
rule in other localities, there will be regional drainage toward this low- 



72 


OIL FIELD EXPLOITATION 


pressure area, thus leading to reduced drainage efl&ciency and loss in 
ultimate recovery. Substantial uniformity in reservoir pressure decline 
in different portions of a producing area is possible if the field is operated 
as a unit but is not ordinarily feasible under competitive conditions 
imposed by divided ownership. 

PRODUCTION CHARACTERISTICS OF OIL AND GAS WELLS 

The rate of production of oil and gas from wells and the rate at which 
the production declines are matters of interest and importance to the 
operator. The rate of production dictates the nature and capacity of 
the lifting equipment that must be provided and its manner of operation. 
It also influences selection of gathering, storage and other surface equip- 
ment. For a given ultimate production, the rate of production also 
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Fig, 31. — Prod ut;t ion gnxph of a well in which expanding gas is providing the expulsive 

energy. 

deteriilines the economic life of the property, or the period over which 
exploitation must be extended. The rate at which production declines 
is im|)ortant in estimating the relative volumes of oil to be obtained at 
different periods during the future life of the property. The volume of 
output during any one period, multiplied by the estimated value per 
unit during the period, determines the revenue available for operation of 
the property and for payment of dividends. Such information provides 
a basis for appraisal of oil- and gas-producing properties. 

Influence of Nature of Expulsive Force on Decline Characteristics 
of Weils. — The general form and rate of decline displayed by the produc- 
tiori graph oi a well, when rate of production is plotted against time, are 
dependfMit upon the character of the expulsive forces operative and the 
perniea!,>ility ol the reservoir rock. When high-pressure gas in process 
of (expansion furnishes the expulsive energy, the production graph of the 
well assumes the form of a gas-expansion curve comparable with that 
w hicli w ouid result if we plotted the rate of flow of gas through a restricted 
oiifice horn a container charged with high-pressure compressed gas. 
The rat(,‘ of production is highest during early life when the gas pressure 
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is higb and continually diminishes as the pressure is reduced. Figure 
31 presents a typical production graph of a well in which expanding gas 
is providing the expulsive energy. When encroaching edge water is 
the dominant expulsive force in moving oil from the reservoir rock into 
the well, the production graph is a straight horizontal line if the water 
enters the formation as rapidly as the oil is withdrawn, thus maintaining 
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Fig. 32. — Production graph of a well in which edge water, encroaching as rapidly as the oil is 
produced, furnishes the expulsive energy. 

field pressure (see Fig. 32). Often edge water will gradually encroach, 
but not so rapidly as oil is withdrawn. Formation pressure is not main- 
tained, and gas is released from solution in the oil. The result is a com- 
posite of the gas-expansion type of decline curve and the ‘^w’-ater-drive^’ 
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Fig. 33. — Production graph of a well in which edge water and expanding gas are furnishing 
the expulsive energy, oil being produced more rapidly than the edge water may encroach. 

type, the resultant’ graph having a definitely declining tendency and being 
a curve rather than a straight line (see Fig. 33). Gravitational forces 
operative also tend to produce a straight-line production graph, but in 
this case a declining one. Though the force of gravitation is constant, 
as production proceeds, settling of residual oil results in an ever-diminish- 
ing thickness of oil- 3 delding reservoir rock. It is usual to speak of the 
early productive life of a well, when gas pressure is the dominant expulsive 
force, as the period of flush production.^’ The so-called period of 
“settled production,” in which the production graph appears as a slowly 
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declining almost straight line, probably is an expression of the influence 
of gravitational force or slowly encroaching edge water (see Fig. 34). 

ClIAE.lCTERISTICS OF THE GaS-EXPANSION TtPE OF PRODUCTION GeAPH 

With the gas-expansion type of production graph, if the well is not 
restricted by back pre.ssuring, the maximum rate of production is generally 
reached within a few days or weeks following completion of the well. 
The initial rate of production during this early period is often erratic, 
the irregularity being caused by clearing of the wall rocks of mud and 
water accumulated as a result of the drilling and completion process and 
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Fig. 34.“--Proc}iiction graph of a well, showing periods of “flush” and “settled” production. 

by gradual clearing of drainage channels leading to the well. Some wells 
require several months or more before reaching maximum productivity, 
but it is probable tliat such wells have not been properly finished. The 
initiai production peak is a result of the superior formation pressure 
characteristic of the early period of productivity. The production peak 
is generally followed by a period of rapid decline, the rate of decline 
gradually diniinisliing as production proceeds. This is due to rapid 
reduction of reservoir pressure in the vicinity of the well as a result of 
drainage. Oil production reaches a maximum at the beginning of the 
productive life of the well because the formation pressure is then at a 
maximum value and has the maximum advantage over resistance offered 
to flow by the reservoir rock; but, as the opposing forces reach equilibrium, 
the expulsive force within the reservoir rock is reduced and the rate of 
production is correspondingly diminished. There is a basic relationship 
between the formation pressure and the rate of production. In Fig. 35, 
the rate of oil production and flowing pressure of a well are plotted as 
separate graphs on the same coordinates to demonstrate the general 
parallelism or similarity in rates of decline that is characteristic of such 
graphs. , 

Production graphs, when plotted from actual well data, are character- 
istically irregular in appearance, particularly when a short period of time 
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is taken for the production interval. However, it is usually possible to 
draw a smooth curve through such a graph that does not depart widely 
from, the points so established (see Fig. 38). Such a decline curve is of 
exponential type, and it is possible to derive a mathematical equation 
that will agree rather closely with the graph throughout such part of its 
course as may not involve important changes in operating conditions. 
These graphs approximate curves of hyperbolic form"^* having the general 
formula 

r — aT^ = a{t + yY (1) 


where r is the rate per day in barrels, t is the time in producing days 
since the well started to produce; and a, y and n are constants. Some 
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Fig. 35. — Oil-production and gas-pressure decline curves for a flowing well in the Midway 
field, California, demonstrating similarity. 


authorities claim that such curves are best expressed by empirical expon- 
ential equations of the type 

Pt^Po- c~r ( 2 ) 

where P, represents the rate of production during t units of time after 
“bringing in” the well; Po is the rate of production at zero time (initial 
production) ; and C is a constant for a particular set of reservoir conditions. 
If t is expressed in weeks, the value of the constant C is said to averagef 
about 1.035. 

* Weeks, W. G., Oil-well Production Curve Formulae, Jour. Inst. Petroleum 
Tech., vol. 18,. pp. 805-815, 1932. 

t Owen, l’., Empirical Formulae for the Production Curves of Oil Wells, Jour. 
Inst. Petroleum Tech., vol. 17, pp. 500-505, 1931. 
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Productioa decline curves often deviate temporarily from the theo- 
retical exponential type of curve, which they are supposed to follow, 
because of changes in operating conditions. The screens or face of 
reservoir rock exposed in the well may become clogged with sand or 
wax, which partly prevents flow of oil into the well until it is removed. 
Pumps may become worn and fail to remove the oil as rapidly as the 
well is capable of producing it. Wells may be restricted or shut in for 
a time because of proration restrictions or unfavorable market conditions 
or because of lack of storage facilities or labor disturbances. At such 
times, the natural productivity of the well is artificially influenced and 
the production graph becomes erratic and undependable as a basis for 
prediction of future recovery. Studies have indicated, however, that 
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^ Fia. 36. — Production graphs of two interfering wells, showing comparatively small 
initial production of the later drilled well and sudden decrease in productivity of the first 
wtall on completion of the second. 

lost production due to failure to operate a well at its normal capacity is 
usually regained when conditions are again brought back to normal. 
For example, many wells were idle in the Coalinga field of California for 
a period of 4 months, while a strike of oil-field workers was in progress, 
but a study of Wbsequent production figures indicated that the produc- 
tion lost during this period was regained during the few months immedi- 
ately following resumption of operations, so that the wells again followed 
the production decline curves previously computed for them. 

Uniformity and regularity in the decline rate of course assume that 
the wells will not be subjected to conditions that may vitiate the expul- 
sive forces. A new well drilled within the area drained by an older well 
will often reduce the rate of production of the older well, and the new 
well will lack the high initial production characteristic of wells drilled in 
uninfluenccjd territory , The efifeet of interference is well illustrated by 
the graphs of Fig. 36. Well 2 was drilled only 400 ft. from No. 1 and 
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was completed 30 months later. Note the decrease in rate of production 
of No. 1 on completion of No. 2 and the comparatively low initial produc- 
tion and slow decline of No. 2. No. 1 Is, in effect, brought 24 months 
nearer the end of its economic life by the interference of No. 2, and the 
latter will produce only a fraction of the oil that would have been obtained 
had the well been situated in uninfluenced territory. 

Logarithmic Production Graphs. — Such curves, when suitably plotted 
on logarithmic paper may, by proper manipulation of coordinates, become 



Fig. 37. — Illustrating construction of a straight-line production graph of a well on logarith- 
mic coordinates. 

Explanation: The logarithmic graph is first constructed by selecting an initial abscissa at random 
(Curve A). The graph is then shifted toward its convex side by adding or subtracting a constant to or 
from the abscissa of each point on the graph until it becomes a straight line (Curve B ) . 


straight lines, which can be extrapolated with fair accuracy (see Fig. 
37). First plotting of the production data as recorded will seldom result 
in a straight line on logarithmic coordinates, but shifting each point on 
the graph toward its convex side, an equal number of divisions along the 
abscissa or time scale, will often flatten the graph so that it becomes prac- 
tically a straight line. If shifted too far, the graph tends to become con- 
vex toward the opposite side. Shifting the graph on its coordinates, in 
this way, is merely a device for graphically determining the value of the 
constant y in Eq. (1), page 75. The number of time divisions over which 
the graph must be shifted to produce a straight line is determined by 
trial. The equivalent decline curve on natural coordinates may be 
reconstructed from the extrapolated logarithmic graph by subtracting, 
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from the al)scissa of each point, the number of divisions on the time scale 
over which the graph has been shifted (see Fig. 38). 

Use of logaritlimic coordinates giving straight-line production graphs 
affords a convenient and concise means of recording well-production 
decline curves numerically, so that they may be quickly reproduced. 
For example, if we note the logarithmic coordinates of the initial point 
a and another point h on such a graph, together with the number of time 
divisions that the graph has been shifted to make it a straight line, we 
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Compufed equation of curve*. 

y= 396,445X"'-®**'^^ 
Estimated initial value of X=5 


Computed 
value of X 

20,431 
14, 629 
11,014 
8,615 
6,954 
5,711 


Actual value 
ofY 
20,657 
14,515 
10,990 
8,570 
6,935 
5,739 






{After C. S. Larkey in Mining and Metallurgy f') 

I'lG. 38. — Illustrating extrapolation of the production-decline curve of a well by 
deveIo{)ment and application of a mathematical equation for the curve. 

Ext«L.iN*«*ioN: The equation used is of the form y = c For any particular curve, values of c and 
n mii.st he deterinmed from the data afforded by the established decline curve. Plotted on logarithmic 
ctjordin u es, this equation becomes a straight line when the proper value of x is used. This value of « 
may be deteriuiiicd as illustrated in Fig. 37. 


may reproduce it without reference to the original data, simply plotting 
the two points = 2 -f 3, yi = 20,000) and {x^ = 7 -1- 3, 2/2 = 5,700) 
and connecting them with a straight line, which may be extended indefi- 
nitely in the direction of increasing time. The U. S. Internal Eevenue 
Bureau, in its “Manual for the Oil and Gas Industry,” has given the 
coordinates of logarithmic graphs showing the average rate of production 
decline for w^ells in most of the oil fields of the United States from which 
any one of 148 different composite decline curves could be approximately 
reproduced. 

Percentage Decline Curves. — Instead of plotting actual production data, it is 
.soitK!tinu‘K conveniout to construct percentage decline curves, computing each month’s 
or year’s production as a percentage of the initial production period (see Fig. 39). 
Often H-ells in the same locality, producing from the same reservoir, will develop very 
similar p<>rcent!ige decline curves. In such a case, it is possible to estimate the future 
trend of production of a new well, once its initial production is known, by reference 
to the percentage decline rates of near-by wells or to an average percentage decline 
curve for wells in the locality. Such curves can be readily reconstructed from brief 
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notations of yearly percentages. Thus, merely the figures 100-63.8-41.4-31.0 would 
be sufficient to enable one to reconstruct the graph of Fig. 39 with fair accuracy. 

Composite or “Family” Decline Curves. — Many oil producers do not maintain 
individual well-production records, but fairly complete property-production records 
are generally available. If individual well records are not available, either of the 
several types of graphs described in the foregoing pages may be constructed from 
figures representing the average production per well for the property as a whole. 
That is, the average production per welJ may be used instead of the actual production 
of an individual well. In developing composite decline curves in this way, errors 
inay be introduced if the number of producing wells included within the group varies. 
The early production of properties during the development period can seldom, be used 
in constructing such decline curves because of 
the irregularities introduced by bringing in 
new wells. 

A method for constructing composite de- 
cline curves, which in some measure compens- 
ates for the inaccuracies introduced by 
variation in time of completion of wells, is 
illustrated in Fig. 40. Here the average pro- 
duction per well per year is plotted against 
time. The solid line is, by construction, the 
average of the dashed graphs representing 
the rates of decline of wells on four different 
tracts. In plotting the several graphs, the 
records are used in the order of the amount 
of the fiirst year’s production, disregarding the 
calendar years in which the first "production 
occurred. Thus, tract 1 has the highest 
initial production, and the production graph 
for this is plotted first. The curve for tract 2 
is plotted next, having the second highest pro- 
duction for the initial year, the point repre- 
senting its first year’s production being located 
on the graph of tract 1 and its subsequent 
annual productions at yearly intervals being 
spaced to the right. When the two graphs have been plotted as described, the position 
of a median curve is determined between the two graphs by averaging ordinates. 
When the median curve is used for a. new starting point, the production graph of the 
tract having the third highest initial year’s production is next tied on at the point on 
the median curve representing its initial rate, and a new median curve is determined. 
This process is repeated until all graphs are plotted and the median curve is projected 
to the position of future economic exhaustion. 

By reference to such a composite curve, one could estimate the probable average 
production for a well for each year into the future if the previous year’s production 
were known. Thus, in Fig. 40, a well producing 5,000 bbl. during last year will 
probably produce about 2,900 bbl. this year and 1,950 bbl. next year, the figures being 
determined by measuring off annual intervals on the average composite curve 
from the intersection with the hori.^ontal coordinate line representing the previous 
year’s production. 

Appraisal Ctirves.—A type of graph useful in predicting ultimate recoveries of 
wells of different initial productions in a given locality is illustrated in Fig. 41 . In 
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coiistnictmg graphs of this type, we must have at hand decline curves of a number of 
wells, or groups of wells, from which their ultimate productions are determined by 
projecting them to the assumed lower limit of profitable operation and totaling their 
indicated annual contributions. This ultimate production we may express in barrels 
or in percentage” or, rather, as a multiple of 1 per cent of the first year’s production. 
Using an abscissa scale representing the average daily production per well during the 
first year and an ordinate scale representing the ultimate cumulative percentage or 
iiltiraate production per well, w^e proceed to locate points on the graph, with respect to 



Fig. 40.~lllustrating graphic method of determining the average production-decline curve 
for a group of producing wells. 

these scales, to conform with the known initial productions and the estimated ultimate 
productions. The points so located will ordinarily fall within a narrow curved strip 
of the eross-seetion grid, and, by reference to these points, we may draw two curves, 
marking extreme upper and lower limits of the group, which represent maximum and 
minimum ultimate productions, respectively; and a median curve may then be located, 
which is the curve of average ultimate production. With such a curve at hand, we 
m.ay directly, the probable ultimate production of a new well, or its ultimate 

(•unuilative percentage, as soon as the average daily rate of production for the first 
year can be estimated. With reference to the graphs of Pig. 41, for example, a well 
haying an average daily production of 20 bbl. during its first year would have an 
ultimate ciimiilative production of about 14,400 bbl., or 3.6 times its initial year’s 
production. These results are indicated by the mean curves. If the well should 
deviate one way or the other from the mean, the minimum curves show that it will not 
produce less than 10,400 bbl, or 2.6 times the initial year’s production, and the 
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F/rsI" Years Production per Wet! in Thousands of Bbfs. 

I Z 3 4 5 6 7 8 9 iO n 12 13 14 15 16 17 iS 19 



Daily Production per We/ first year. 

(After C. H. Beal, U. S. Bur. Mines.) 

Fig. 41. — Appraisal curves for estimating ultimate production of wells in a certain 
field on the basis of productions during the first year. Circles show recoveries from earlier 
wells in the field. 
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maxiiiiiini curves indicate that it will in all probability not produce more than 18,500 
bbi., or 4.65 times the initial year's production. To obtain the future production, 
that of the first year must be subtracted from the indicated ultimate production. 

It will be observed that the two groups of curves are interrelated and that the 
ultimate production curves may be derived from the ultimate cumulative percentage 



cirvcs, uud mce versa. Curves of this type, however, do not afford a direct means of 
evitmiiiiins the relative magnitude of future annual production installments We 
may narrow the limits between the maximum and minimum production curves in 
u.hivnlual eases by study and evaluation of such influencing factors as extent of 
de^ tdopmeut or acreage per well, thickness of reservoir rock and formation pressure. 

Rate-cumulative Production Graphs.— A convenient type of produc- 
lon „rap i, for some purposes, is constructed by plotting cumulative 
production against the current rate of production. The result is often 
an approximately straight line (see Fig. 42), which can be projected on 



PRINCIPLES OF OIL DRAINAGE 


83 


into the future to the minimum economic rate at which oil may be pro- 
duced; and the total or ultimate recovery up to that point is directly 
indicated. Such a graph is also helpful in comparing the relative effi- 
ciencies of different methods of production or well control. The method 
that gives the less steeply inclined rate-cumulative graph will be the 
most efficient, as it will yield the highest ultimate recovery. ■ 

Differential Pressure -rate Graphs. — The rate of production of a well 
varies directly with the differential pressure between the formation 
pressure and the pressure within the well opposite the producing forma- 
tion. The difference between the formation pressure and the pressure 
within the well at any given production rate is the pressure differential 
necessary to maintain that production rate. The effective formation 
pressure may be determined by 
occasionally shutting in wells for 
such time as may be necessary to 
attain pressure equilibrium be- 
tween the well and formation and 
measuring the shut-in pressure 
within the well opposite the pro- 
ducing formation with a depth- 
pressure recording instrument. 

The operating bottom-hole’^ pres- 
sure may likewise be determined 


8 , 


with the depth-pressure recording cp 

t 


■ 

i 

■ 

■ 

■ 




■ 

■ 

i 

■ 

■ 


i 

■ 

■ 

■ 




■ 

■ 

1 

■ 

■ 



■ 

■ 

■ 







■ 

■ 

K 

is 










■ 

■ 



5 






E 




i 





N 

k 

V 







■ 





N 


N 


D 




■ 


V 





V i 









N 















V 




j 

1— 


B 







5 



V 

1 


V- 








5 

V 

N 
















u 



Gross fluid production rote, bblper day 


{After B, P. Kantzer and E. G. Trostel, Am. 

Petroleum Inst.) 


Fig. 44.- 


-Typical depth-pressure produc- 
tion-rate graphs. 


instrument while the well is pro- 
ducing at two or more different 
rates. The rate of production may 
be regulated by varying the back 
pressure maintained on the well, by 
means of chokes or by the gas separator (see page 126). For each 
production rate, the differential pressure is determined by subtracting 
the operating bottom-hole pressure from the formation pressure. 

Plotting points on coordinate paper from data so determined, we may 
develop a differential pressure-rate graph. Frequently, such a graph 
approximates a straight line (see Fig. 43) when plotted on natural coordi- 
nates, but it is not necessarily so. Under some conditions, it is a curve 
of exponential type (see Fig. 44) which, however, may assume an approxi- 
mately straight-line condition when plotted on semilog coordinates. 
In either case, the graph can be readily extrapolated, thus enabling one 
to predict the probable rate of production for any differential pressure 
that might be established between the well and the formation. The 
maximum possible differential pressure indicates the open-flow” or 
maximum delivery capacity of the well. 
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At a given time, we may readily estimate the open-flow capacity of a 
well, without reference to the reservoir pressure, by simply determining 
the bottom-hole pressure for several different production rates and plotting 
the results on a pressure-rate graph. Extrapolation of the graph to the 
ordinate representing the minimum possible bottom-hole pressure gives 
the open-flow capacity of the well (see Fig. 44). 

The Probhctivity Index 

With the aid of a differential pressure-rate graph, it is possible to 
compute the rate of production for a well for each unit increase in differ- 
ential pressure. This is called the ''productivity index'' and is usually 
expressed in terms of barrels per pound of differential pressure. This 
index is a convenient measure of the ability of a well to produce, and the 
relative productive capacities of two wells will be in the ratio of their 
productive indices multiplied by their respective static bottom-hole 
pressures. 

To determine the productivity index of a well without the aid of a 
rate-pressure graph, we have merely to measure the static bottom-hole 
pressure after the well has been shut in for a sufficient time to establish 
pressure equilibrium and subtract from this the bottom-hole pressure 
after the well has been reopened and allowed to produce for a sufficient 
time to again reach pressure equilibrium. For this purpose, the bottom- 
hole pressure should be taken at the mid-point of the producing forma- 
tion or at the mid-point of the perforations through which the production 
enters the well. The productivity index is the quotient obtained by 
dividing the rate of production at the lower pressure by the difference 
between the two pressures. Expressed in the form of an equation* 


Productivity index = 


rate of production 

/bottom-hole staticN _ /bottom-hole flowing^ 
V pressure / \ pressure / 


For example, if a well is producing at the rate of 1,000 bbl. per day, 
the recorded static pressure opposite the center of the producing forma- 
tion is 1,500 lb. per square inch and the flowing pressure at the same 
(lepth is 250 lb. per square inch, the productivity index would be 


1,000 

1,500 - 250 


0.8 bbl. per lb. of differential pressure. 


If it were required to estimate the production of the well with a flowing 
bottom-hole pressure of 500 lb., the indicated production rate would be 

(1,500 ~ 500) X 0.8 = 800 bbl. per day. 

* Sea reference 7 at end of Chap. 11 . 
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Or if the well could produce under a bottom-hole pressure of 100 lb., 
the indicated rate of production would be 

(1,500 - 100) X 0.8 = 1,120 bbl. per day. 

Obviously , the productivity inciex is a constant only when the pressure- 
rate graph is a straight line when plotted on natural coordinates. Other- 
wise, variation in the value of the index will be noted in different ranges 
of pressure. The slope of the differential pressure-rate graph is an expres- 
sion of the ability of the well to produce, and the cotangent of the angle 
that the graph makes with the rate axis is the productivity index. 

In computing the value of the index, we may use as the rate of produc- 
tion either the net oil production or the formation volume of the gross 
fluid production (oil, water and gas), and, of course, the result will not 
be the same in each case. If the productivity index is an expression of 
the rate at which a well is able to produce, it should be related to the 
rate at which formational energy is dissipated in overcoming resistance 
offered by the reservoir rock. Energy is expended in expelling water and 
gas from the reservoir rock as well as oil, and it would therefore appear 
to be more logical to compute productivity indices on the basis of forma- 
tion volume of the gross fluid production, rather than on the basis of net 
oil production. In some California fields, the value of the productivity 
index ranges from as little as 0.1 to as much as 15 bbl. per pound of differ- 
ential pressure when computed on the basis of net oil production, whereas 
values as high as 100 are indicated if computations are based on gross 
fluid-formation volumes. 

The Specific Productivity or Permeability Factor 

The quotient obtained by dividing the productivity factor by the 
number of feet of reservoir rock contributing to the production of the 
well is called the “specific productivity.” This factor is a convenient 
index of the average permeability of the reservoir rock about a well. 
Owing to the complexity of the problem and the highly variable char- 
acteristics of the reservoir rock, both laterally and vertically, it is diffi- 
cult to determine the permeability of the reservoir rock as a whole from, 
physical tests on core samples; but, for a known differential pressure 
between the reservoir rock and the well and a known thickness of oil- 
yielding formation, the observed rate of production is, at once, a measure 
of the many factors involved in determining reservoir-rock permeability 
in the vicinity of a producing well. * Inasmuch as the productivity of a 
well, under a given set of reservoir conditions, is al&o a function of the 

* Moore, T. V., Schilthius, R. J., and Hurst, W., Determination of Permeability 
from Field Data, Am. Petroleum Inst., Bull. 210, p. 4. 
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dianiclf'r of the well where it penetrates the reservoir rock, any formula 
express! ns the relation between reservoir permeability and productivity 
iniisl. also contain a factor representing the influence of well diameter. 
When these different variables are presented in the form of an equation, 
the “permeability factor” may be defined as follows:* 


Permeability factor — 


productivity index 
sand penetration X D’ 


where D is a factor dependent upon the diameter of the well through the 
reservoir rock. 

Pressure Build-up and Fill-up Curves 

The rate at which pressure builds up in a well when it is shut in fol- 
lowing a period of production is also of interest as a measure of the perme- 



{After M. Muskat^ Am. Inst. Mining Met. Eng.) 

Fk}. 45.— Pressure build-up curve, average for a group of wells in tbe Judkins field, Texas. 

ability of the reservoir rock in the vicinity of the well. This may readily 
be detei'inined with the aid of a depth-pressure recording instrument 
by noting the elapsed time necessary for the bottom-hole pressure to 
reach different values after the well is shut in at the surface. Plotting 
points rc'presenting recorded bottom-hole pressures against elapsed time 
following shutting in of the well develops a curve which is called a pres- 
sure 'M;)uikl~up” curve (see Fig. 45). Eventually the bottom-hole pres- 
sure will increase until it approximates the maximum reservoir pressure. 
W ith very permeable reservoir rocks, but a few hours will be necessary 
to reach an equilibrium pressure condition after the well is shut in. With 
less permeable reservoir rocks, many days or even weeks may be necessary. 

Ill the ease of a pumping well, if means are available for determining 
the position of the fluid level, we may gather data for a ‘^fill-up^^ curve 
^ See reference 7 at '©nd of Chap. II. ■ 
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by stopping the pump and allowing oil to accumulate in the well until 
the equilibrium head is reached necessary to offset the reservoir pressure. 
When the depth of fluid in the well ^t different time intervals is noted 
and when either the depth of fluid or the equivalent fluid head in pounds 
per square inch coipputed for a certain reference horizon is plotted, the 
resulting graph is called a fill-up’^ or ^d3uild-up'^ curve (see Fig. 46). 

Draw-down Curves 

The converse of a build-up or a fill-up curve is called a ^Mraw-down^’ 
curve.* Like the build-up curve, it is a measure of the permeability 
of the reservoir rock in the vicinity of the well and is indicative of the 



Fig. 46. — Typical “draw-down” and “build-up” curves- 

rate of production that can be secured from the well under different 
differential pressures. In assembling data for a ‘Tiraw-down^’ curve, 
the well is shut in for a sufficient time to permit the bottom-hole pressure 
to build up to reservoir pressure. When static pressure conditions have 
been attained, production is resumed. As the static pressure accumulated 
within the well during its shut-in period works off, bottom-hole pressure 
observations are made at brief time intervals until the well reaches its 
equilibrium producing pressure. Bottom-hole pressures observed are 
plotted against elapsed time, measured from the time of reopening the 
well, the resulting pressure-time graph being called a ^ draw-down’’ curve 

* Katz, D. L., and Barlow, W. H., Relation of Bottom-hole Pressure to Produc- 
tion Control, ‘^Drilling and Production Practice, 1935,” pp. 116-117, Am. Petroleum 
Inst. 
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(see Fig. 46). Casing-head pressures and oil-production-rate records 
may be correlated with the draw-down cuiwe to obtain a complete pic- 
ture of the part that withdrawal of oil from the well casing and influx of 
oil from the formation have played in influencing the rate of bottom-hole 
pressure decline. In the case of a pumping well, a similar draw-down 
curve may be developed by observing fluid levels outside the casing at 
uniform time intervals after a shut-in period as the pump reduces the 
static fluid level to the operating fluid level (see Chap. V). 
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Fia. 47.-“Grap}i8 showing increase in cumulative oil and gas productions of a well with 
decline in bottom-hole pressure. 

Cumulative Production-pressure Graphs 

If cumulative production of a well is plotted against values for static 
bottom-hole pressure observed at successive time intervals, the resulting 
graph affords a convenient means of estimating ultimate recovery. If 
the production is measured in terms of gross fluid (oil, gas and water) 
reservoir volume, the resulting graph is often an approximately straight 
line. If production is measured in terms of net oil, the resulting graph 
may be a curve (see Fig. 47), but this can be made to approximate a 
straight line if plotted on semilog paper (see Fig. 48). In either case, the 
graph may readily be extrapolated to some lower assumed limit of reser- 
voir pressure below which commercial production cannot be supported, 
and at this lower limit of static bottom-hole pressure the probable ulti- 
mate recovery will be indicated on the cumulative-production axis. 
For example, in Fig. 47, the indicated net oil production is 165 million 
bbl. at a minimum bottom-hole pressure of 400 lb. per sc^uare inch. If 
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gross-fluid reservoir volume is used as the measure of production and 
water is a factor of importance in the production of the well and we would 
estimate the ultimate net oil production, allowance must be made for 
probable increase in the water cut of the fluid produced as the well ages. 
Also, allowance must be made for changing values of the gas-oil ratio 
with lapse of time. 


Gas-oil Ratio — Production-rate Graphs 


Where gas energy furnishes the expulsive force in driving oil from the 
reservoir rock into the well and the bottom-hole pressure is lower than 
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4ccumubted oil production,millions of barrels 

Fig. 48. — Semilogarithmic graph, showing relation between bottom-hole pressure and 
accumulated oil production for a flowing well. 


the saturation pressure of the oil in the reservoir rock, the gas-oil ratio 
will vary with the rate of oil production and the differential pressure 
maintained between the well and the reservoir rock. Within these 
limitations, for each well at a given time, there is a certain critical rate 
of oil production that will result in a minimum gas-oil ratio. Inasmuch 
as this will ordinarily be the most efficient rate of production from the 
gas-energy conservation standpoint, the operator will find it advantageous, 
from time to time, to assemble data on variation of the gas-oil ratio with 
production rate, and so to regulate the rate of production by back-pressur- 
ing his wells as to maintain the most efficient ratio. A convenient method 
of recording such observations and determining the production rate 
resulting in the lowest feasible gas-oil ratio is that of plotting the rate of 
production against the gas-oil ratio and noting directly the rate at which 
a minimum ratio is indicated. Figure 49 presents a typical graph of this 
character. 

In gathering data for such a record, it is not always possible to estab- 
lish a rate of production that will disclose the critical point at which 
reversal of the curve occurs. Sometimes operating conditions are such 
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that data fall entirely on one limb or the other of the curve, the gas-oil 
ratio either continuing to increase or to diminish as back pressure is 
increased. In such cases, the operator will adopt that method of well 
control that will result in the minimum gas-oil ratio compatible with an 
economic rate of oil production. Even when the graph clearly indicates 
the critical production rate at which a minimum gas-oil ratio will be 
achieved, this rate is not necessarily an economic one. • Other considera- 



{After Albertson, and Schaeffer, Am. Inst. Mining Met. Eng.) 

Fig. 49. — Gas-oil ratio, tubing- and casing-pressure graphs for a well in the Yates field, 

Texas. 

tions subordinating gas-energy conservation to economic requirements 
may prescribe a greater or lesser rate of production. 
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CHAPTER II 

FLOWING WELLS AND THEIR CONTROL 


We may classify all producing wells in accordance with the method 
adopted for lifting the oil to the surface. When formation pressures are 
sufficiently high, wells may be free-flowing; that is, the oil and gas are 
produced by virtue of natural energy latent wdthin the fluids as they 
exist within the reservoir rock. This energy is utilized not only to expel 
the oil from the reservoir rock into the wells, but frequently, also to lift 
it to the surface. Freeffiowing wells and their control are to be discussed 
in the present chapter, wffiereas pneumatic and mechanical methods of 
lifting oil from wells — methods making use of artificially developed and 
applied energy — are to be described in later chapters. 

Classification of Flowung Wells 

Wells flowing their production under the influence of natural forces, 
with which w^e are primarily concerned in the present chapter, may be 
further classified into three groups, depending upon the character of 
flow. A condition of continuous flow results when the reservoir pressure 
is greater than that necessary to support a column of the w^ell fluid 
extending from the reservoir rock to the surface. The pressure is some- 
times so high that the oil is ejected from the well head with a force capable 
of throwing it high into the air above the well-head. Pioneer wells in 
newly drilled high-pressure deposits often “come in’’ as “gushers,” 
perhaps flowing unrestrained for a time and occasionally with great 
destructive effect. Often, large volumes of gas flow from the reservoir 
rock with the oil and, at a certain stage of the productive life of the w^ell, 
a condition of intermittent flow may result. In this type of flow, alter- 
nating flow^s of oil and gas occur with intervening periods of quiescence, 
a condition in which the well is said to flow “b}^ heads.” Eventually, 
in the history of every flowing well, there comes a time when there is no 
longer sufficient gas pressure or volume to support contiiiuoiis or even 
intermittent flow, and the well becomes “dead.” At this stage, induced 
flow is often possible by application of artificial methods, perhaps by 
agitation of the oil in the well, by occasional swabbing, by the use of 
explosives or by injecting extraneous gas under pressure into the oil. 

Why Wells Flow 

On the assumption that a well has been properly finished within a 
productive reservoir rock, oil enters and accumulates within it by reason 
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of the difference in pressure existing between the formation and the space 
within the well. As has been shown in the preceding chapter, reservoir 
pressure miij be an expression of gas pressure or edge-water pressure or 
of gravitatioiiai forces, and the rate of flow bears a definite relationship 
to the differential pressure maintained. Oil will continue to flow into 
the well and the fluid level will rise until the static pressure at the level 
of the productive hori^ion is equivalent to the reservoir pressure; then 
no iTiore enters unless some is removed. The ^^static liquid level,” or 
the level to which oil rises when equilibrium is attained, has an important 
bearing upon the method of extraction that may be employed. When the 
pressure within the reservoir rock is sufficient to lift the oil level to a 
point above the surface, the well flows freely without assistance. During 
a certain stage, while liquid levels are still relatively high but not suffi- 
ciently higli to bring oil to the surface, artificial methods of stimulating 
flow', such as the gas-lift, may be used to advantage. Eventually, the 
formation pressure becomes so far reduced that flow^ methods, either 
natural or induced, are no longer effective, and mechanical methods of 
pumping must be resorted to. 

The presence of gas in, or associated with, the oil is usually an impor- 
tant factor in causing natural flow. As has been shown in the preceding 
chapter, gas energy is, in many fields, the principal force operative in 
expelling oil from the reservoir rock. The gas-oil mixture enters the 
\?ell, the gas being partly in bubble form and partly dissolved in the oil. 
Often the ratio of gas to oil is sufficiently high to form a froth, the gas 
bubbles being retained within oil films occluded within the oil mass. 
Probabl3q ™ maii}^ cases, more or less regular flows of gas enter the wells 
from some strata, while oil or gas-oil mixtures enter simultaneously from 
others. Tlie comparatively low density of the oil-gas mixture in the 
well is an important factor in determining flow conditions, for the reservoir 
pressure is capable of supporting a much longer column of it than if it 
were oil alone. That is, flow may continue from a greater depth with 
a given formation pressure if considerable gas is occluded within the oil. 
It follows, also, that the height to which the oil may be lifted in natural 
flo\¥ will increase wdth the reservoir pressure and wdth the ratio of gas to 
oil in the mixture. It will be observed that flo^v of oil from wells is 
achieved in large part by the energy derived from expanding natural gas. 

Character of the Feuids and Their Relationship in 
Flowing Wells 

Energy must be expended in lifting the oil to the surface and in over- 
coming various resisting forces. When this is accomplished by expansion 
of .the gas associated with the oil, as is usually the case, the gas,, will 
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necessarily suffer considerable loss in pressure between the bottom of the 
well and the surface, and the well fluid will undergo important changes in 
volume during flow. On entering the well from the reservoir rock, such 
gas as is present in the free state will be highly compressed, much of it 
entrained in the oil in the form of small bubbles. In addition, there will 
be considerable gas retained in solution in the oil and some low-boiling 
hydrocarbons, which appear as vapors at ordinary pressures, will be 
held in the liquid phase by the prevalence of pressures in excess of their 
critical points. As the gas-oil mixture rises through the well toward the 
surface and the pressure diminishes, the gas originally present expands, 
some of that formerly in solution is released, whereas some of the low- 
boiling liquid hydrocarbons assume the vapor phase. The ratio of gas 
to oil in the mixture thus rapidly increases as the fluids approach 
the surface, so that the average density is continually diminishing. 
Most of this expansion occurs in the upper part of the well near the 
surface. 

Expansion of the gas is also responsible for important changes in the 
character of the fluid and in the flow conditions prevailing at different 
depths. Usually the flowing gas and oil are confined within a column 
of casing or tubing. In a typical case, we may assume that the fluid 
enters the lower end of the flow '‘string’’ as a mixture of gas bubbles of 
varying size, suspended in a mass of oil. As the oil rises to levels of lower 
pressure, the gas bubbles expand and more gas is released from solution 
in the oil to create additional gas bubbles, eventually forming a froth. 

If delivery pressures at the surface are low so that full expansion of the 
gas is possible, the gas bubbles become larger and eventually merge to 
form a stream of flowing gas. There is no longer a sufficient volume of 
oil to hold the gas in bubble or froth form, and the oil becomes suspended ^ 
as small globules in the upward-flowing stream of gas. The oil in this 
form is said to assume the "mist” condition. In the transition from the 
froth to the mist condition, the oil-gas mixture possibly assumes a third 
unstable swirling form, wherein the oil is partly present as a mist and 
partly as a foam. We may also picture the two fluids as segregating 
within the flow tubing to such a degree that flow becomes a succession 
of alternating "slugs” of gas and oil or gas and froth. Still another 
condition exists in which the oil accumulates in the form of a cylinder 
against the inner walls of the flow tube, while the greater part of the 
gas occupies the central portion. This cylinder of oil assumes a swdrling 
motion, being carried upward by the frictional drag of the more rapidly 
ascending "core” of gas. No doubt any or all of these several different 
types of flow may occur, depending upon the conditions presented in 
individual, wells, and it seems probable that fundamentally different 
principles control in each case. 
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In ariv^ riiialj^sis of the conditions within a flowing well, one must 
one has to deal with an exceedingly complex group of 
va,rial)k*s. Hh' well fluid is a heterogeneous mixture of liquids, vapors 
and gasas iii whicli the relative proportions of each are contiiiiially varying. 
Iii so far as siic*li a mixture may be said to have definite properties, such 
as vis(a)-!ty, surface tension and density, these properties also undergo a 
considerabh? (‘l:ang(^ during the period of flow. In discussing the effects 
of differcml melhods of iiowing-well control, we must also realize that 
wf^ are dfnliiig wirli a problem that has two distinct phases. One of these 
has to do with what effects such, methods of well control have on the flow 
of fluid Ihrough the reservoir rock to the tvell and the other, the effects 
mioii flow of fluids from the bottom of the wmll to the surface. These 
two phresc^s of the flow problem are essentially different in character; 
yet one &A of applied conditions must always and simultaneously control 
It is often difficult to know whether to attribute a favorable or 
iiiifavomble achieved by a certain readjustment of flow conditions 

in a cliangc in the character of flow within the reservoir rock or to a 
change' in flou {characteristics within the well. Probably in most cases, 
botii coiilribut.r' to tlie observed result. 

FLOWING' PRO.DUCTION LeAST CoSTLY LiFTING MeTHOD 

Front the sicindpoint of lifting cost, production secured by natural 
flow is th(^ i‘liea|iest oil produced. Many operators therefore prefer to 
prolong tlie naiiiral flow period as long as possible and to secure as large 
a perc(‘iit,iig{‘ of the uitiniate recovery as possible by flow methods. 
Fjiriit.ailarly is this true under competitive conditions, as the rate of pro- 
duction by inetliods is generally greater than by other means. For 
reasons o! fa'oiiomy, it is also desirable that suitable flowing conditions 
be eslablislifcJ at the outset of the productive life of a well, that continuous 
flow be inaiiitained and tha,t t.hese coiiditipns be changed only as the 
volume of production and reservoir conditions may dictate. 

EQUIPMENT OF FLOWING WELLS 

B(‘fo!’(‘ discmssiiig the problems involved in securing efficient operatic,!! 
of flowing W(‘lls, the rcaider should become familiar with the arrangement 
of undergrc.mnd and surface equipment employed in connection with 
such w(‘lls. .Figure 50 [iresents a diagrammatic sketch illustrating the 
nflatioiisliip of the various items of equipment necessary or useful in the 
CMHiIro! of flowing wells and in handling the production when discharged 
at the weil-!n*a{i. A variety of different styles of well ^Tiookups^’ are 
in us(\ dcp(‘ndiiig upon pressure conditions, and .the preferences of the, 
o|K‘ralors, but the one illiistrated is t^qiicaL The 'wells are, of course, 
cased, and suitable control valves and fittings are customarily provided 



FLOWING WELLS AND THEIR CONTROL 


97 


at the casing head to regulate the flow. The oil string (see Fig. 51) ^ or 
innermost casing, may or may not penetrate the reservoir rock, but, if it 
does, the sections opposite knovm oil-bearing strata are perforated to 
admit fluids to the space within the casing. If the formation is uncon- 
solidated or semiconsoiidated and caves readily, it is often considered 
advisable to equip the perforated sections of the oil string with screens, 
which permit the fluids to pass through them but restrain the reservoir 
sand. The types of screens available for this purpose have been described 



gaging and shipping oil at a flowing well. 

in Chap. XI of vol. I of this work and are to be further discussed in Chap. 
V of the present volume. A substantial casing head, capable of sup- 
porting the casing and withstanding any gas pressures likely to be deveh 
oped within the well, is attached to the upper end of the oil string and 
effectively closes the space between this column of pipe and the next 
larger concentric column of casing in the well. Side outlets from this 
head, equipped with suitable gate valves, permit of venting any fluids 
that may find their way to the surface between the two columns of pipe. 
A high-pressure master control valve allows closing the upper end of the 
oil string when it is desired to shut in the well. 

“Retractor-type” tubing heads that permit of using a master gate 
valve on the casing head are frequently used. In these, the tubing is 
hung below the gate valve on slips that seat in a heavy nipple. When 
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the well is on production the master gate is open, allowing the retractor 
tube to be lowered into a ground seat in the setting tool, thus connecting 
the well tubing directly with the lead line. At times when it is desired 
to shut in the well, the retractor tube is raised so that the master gate 
can be closed. 


Oil and gas may be allowed to flow to the surface directly through 
the oil string as explained above, but usually the oil flow is confined within 
a smalh'r auxiliary column of tubing suspended concentrically within 
the oil string. This is supported from the casing head by a tubing or 
control head that closes in the annular space betw^een the oil string and 
the tubing with a type of joint that is secure against high gas pressure. 
Side outlets, equipped with suitable gate 'valves, permit of release of' 
fluids fnim the space between the oil string and the tubing. High- 
pressurci wells producing large volumes of gas and oil are usually equipped 
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{Courtesy of Regan Forge & Eng, Co.) 

Cootro! valves, casing- and tubing-head fittings and chokes of the type used on 
high-pressure flowing W'ells. 
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with an assemblage of valves and fittings known as a Christmas tree/’ 
which is attached to the tubing or control head immediately above the 
master control valve. 

The several outlets from the Christmas tree connect directly with the 
interior of the flow tubing, and each is equipped with a high-pressure 
gate valve. Flow of gas and oil from either or all of these outlets is 
taken through lead or flow lines to one or more oil and gas separators. 
Each lead line has its own choke” or ^^bean.” Chokes are nothing 
more than constrictions in the flow^^ lines useful in restricting flow 
and applying back pressure on the w^ell. A variety of types, to be 
described more fully in a later section, are available. Two or more 
lead lines are provided, though, if desired, only one need be used at a 
time. In this way, flow may be diverted from one lead line to another 
when repairs or replacements of fittings, valves or chokes are necessary. 
The separator or trap serves to separate the oil from the gas, leading the 
latter into the gas-gathering system and the oil into the flow tanks. 
The latter are equipped with facilities for gaging and for draining off any 
water that may quickly settle out of the w^ell fluid. Oil and gas separators 
are more fully described in Chap. VH and flow tanks in Chap. IX. The 
gas discharge line leading from the trap is necessarily equipped with a 
pressure regulator, which maintains an approximately constant pressure 
within the trap (see Figs. 181 and 182). A gas meter, usually of orifice 
type (see Chap. VIII), also on the gas discharge line leading from the trap, 
records the volume delivered into the gas-gathering system. A pressure 
gage, preferably of the continuous recording type, connected with the 
space within the flow tubing immediately above the tubing head, records 
the tubing-head pressure. A second pressure gage, of similar type, 
connected with the annular space betw*een the oil string and the well 
tubing at the level of the casing head, records the casing-head pressure. 

Wells that produce large quantities of sand with the oil are equipped 
with special facilities designed to promote separation of the sand and 
minimize the destructive scouring effects characteristic of rapidly flowing 
sand-laden oil. In certain fields, the sand j)roblem is particularly trouble- 
some, the volume of sand reaching the surface during the early life of 
the wells being occasionally as much as 30 per cent of the volume of the 
oil. With high flow velocities, sand-laden oils are capable of rapidly 
scouring away the metal valves and fittings at the casing head, perhaps 
resulting in failure to sustain the high pressures to which they are like- 
wise subjected. Sand scouring of flow lines and Christmas-tree valves 
and fittings may be reduced to some extent by avoiding changes in the 
direction of flow, or, where right-angle turns are necessary, by cushioning 

* For additional details and illustrations of Christmas trees, see Chap. XI of 
vol. I of this work. ■ ■ 
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the flow with extension “bull” nipples. In the Oklahoma City field, 
Oklahoma, large traps of special design, known as “sand hop, have 
been used to assist in sand separation. These traps are paced between 
the well head ami Iho usual gas separators. Additional mformation on 
methods of dealing witli the sand problem will bo found in Chap. VII. 



(Courtesy of Hughes Tool Co.) 

Fia. 52."— Christmas tree with tubing flow head, valves and flew bean for a high-pressure 

well. 


Expansion of gas clue to sudden release of pressure at the casing head, 
control valves and chokes often results in rapid cooling of the fluids and 
accumulation of frost on casing heads, Christmas trees and flow lines. 
The chilling effect on the oil, thus induced, may result in separation of 
paraffinous substances from some. types of oil and their accumulation 
witliin the flow lines and recesses of valves, fittings and traps. .To offset 
this tendency, in some instances the oil is passed th.rough a heating device 
placed in the lead line between the choke and the gas separator. 
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The size and weight of the valves, casing heads, fittings, chokes, 
traps, etc., used on flowing wells will vary greatly with the volume of 
fluids to be accommodated and the internal pressure to which they are 
likely to be subjected. In some of the deeper fields, such as the Kettleman 
Hills and Ventura fields of California, where shut-in well-head pressures 
of upwards of 2,000 lb. per square inch are experienced, the well head 
and other surface equipment must be of ver^^ substantial character and 



Fig. 53. — Control valves, pressure gage, chokes and fittings on a high-pressure flowing well. 

of the strongest grades of steel (see Figs. 52 and 63). Such installations 
are often subjected to test pressures as high as 6,000 lb. per square inch 
before being placed in service, thus ensuring a proper safety factor. On 
the other hand, in fields where pressures of but a few hundred pounds 
are the rule, very simple well-head hookups constructed of standard 
pipe fittings will suffice. For low-capacity wells producing not more than 
a few hundred barrels of fluid per day, 2-in. lead lines will be adequate, 
but for high-capacity wells producing several thousand barrels or more 
per day, with many millions of cubic feet of gas, lead lines of 3, 4 and even 
6 in. size must be used, and often several such lines connecting with 
different outlets from the Christmas tree will be provided. The side 
outlets of the casing head are also connected by lead lines of suitable size 
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with (iip sas .“pjtarator, so that if desired gas and oil may be permitted to 
liow ti( till' surface through the annular space between the tubing and 
oil string. Li'ai! lines from the casing-head outlets should also^ be 
('(,jui}>[ied with, chokes if used in this way. \ alves employed on lead lines 
and Christmas frees are nearly always of the “gate” type, which may be 
oiH'ticd fo till' full diameter of the flow line, and are constructed to permit 
of ready and rapid replacement of parts subjected to wear (see Fig. 
54). For quick closing of flow lines under high-pressure conditions, 
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(Courtesy of Crane Co.) 

Fig. 54.”™“Types of gate valves used on high-pressure oil and gas lines. 


grease-packed cocks of the ^^Merco” type (see Fig. 55) are sometimes 
installed. 

Traps used in separating gas from the oil must also be of suitable design 
to withstand tlie pressures to which they are likely to be subjected. 
Thougii (‘omparatively low trap pressures ranging from 10 to 50 lb. per 
scfiiare inch are usual, separator pressures as high as 500 lb. per square 
inch, are carricul in so,me high-p.ressure fields, and traps of unusually heavy 
eoiistraction are employed. In such cases, stage trapping is often prac- 
two or more traps arranged ''in series'' and each operating at suc- 
cessively lower pressures being used (seeChap. VII), Where large volumes 
of fluid must be cared for, two or' more traps arranged "in parallel" 
should be used f<)r each well. On the other hand, when the fluid volumes 
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(Courtesy of Merco-N ordstrom Valve Co.) 
■Phantom and cut-away views of Merco-Nordstrom lubricated cocks. 


of gas-oil mixtures through surface pipe lines may be troublesome, espe- 
cially if water is also present and the oil is of a type that readily emulsifies. 

GUSHERS AND FREE-FLOWING WELLS 

The early period of development in most oil fields is characterized by 
completion of free-flowing wells. During their early productive life, 
the formation pressure is highest and wells attain their maximum initial 
productions. The oil produced is derived from parts of the formation 
in the immediate vicinity of the wells and is delivered into the wells with 
surplus gas energy capable of readily lifting the fluid to the surface. 
Later, as withdrawal of gas and oil from the reservoir rock reduces the 
formation pressure, a larger proportion of the energy available in the oil 
is needed in moving it through the formation into the well and conse- 
quently less energy is available to lift the oil to the surface. The period 
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If i til in the history of a field during which wells are free-flowing wdll 
depcmd upon the amount of gas energy with which the reservoir has been 
endowed l)y nature, the extent to which this energy is conserved by the 
ofierators and the rapidity of development, l^then development activity 
is intense and many wells are completed within a brief period of time in 
a limited area, the reservoir pressure will be quickly depleted and the 
flowing life of the wells in the area may be but a few weeks or months. 
Oil in deep-seated deposits, being under high pressure as a rule, is capable 
of holding large quantities of gas in solution, and, if highly saturated, 
the dissolved gas may afford sufficient energy to support flow of the wmlls 
for long periods of time. In this connection however, it must be remem- 
bered that more energy is required to flow oil from deep than from shallow 
wells. In fields where the reservoir pressure is wdiolly or partly main- 
tained by influx of high-pressure edge water as the oil is withdrawn, the 
oil may l>e delivered into the wells with the greater part of the gas still in 
solution, tin.^ gas containing sufficient energy, perhaps, to flow the produc- 
tion to I h(‘ Mirfaco. If wells are operated in such manner as to accomplish 
dc‘li\-(*ry of the oil into tlie wells largely or wholly by edge-water pressure, 
eacii barrel (if oil entering the wells will bring with it its quota of dissolved 
gas aiid finis the wells may be able to flow their production throughout 
a large part of tlieir productive lives. 

Thtue ha\ e been many instances in, which well-head pressures have 
been so gitat that the valves and fittings proxhded to restrain the flow 
havc‘ faiknl ol their purpose, and wells have flowed out of control for 
eorisiderjible pcniods of time. Gushers, as such wells are popularly 
called, pro\ide spectacular demonstrations of the great forces with which 
tliC nil iirexhuxT must deal in high-pressure fields (see Fig. 56). The 
well fluid is j(at(‘d high into the air above the casing head, often spread 
out ill the form of a great plume, so that oil falls like rain over many 
surrounding acres. A great quantity of gas is dissipated into the atmos- 
pfiere, and a large part of the oil is also lost by seepage and evaporation. 
Siirroundirig property is often damaged. Vegetation and small animal 
life in tiie vicinity are killed. The force of the flowing gas and oil at 
the well-head may be so great as to make very difficult or even defeat 
^^!apping’ ’ opiTations designed to bring the flow under control. The roar 
of escaping gas at the well-head is so great that workers about the well 
must liandage their heads. Occasionally the o,ii and gas become ignited, 
and explosion and fire add to the hazard and wastage. 

riif* (“tirlicT Ui(-‘rature of the petroleum industry presents many interesting accounts 
of guslif r production jind of the ingenious methods employed for bringing such wells 
under <»oiiirol. Hoiiu* of the most notable of these spectacular flowing wells have 
occurred ui flic oil I'udds of California, Texas, Oklahoma, Mexico, Rumania and in the 
C uucasqs regioii of southern Russia. Space permits of only brief mention of a few 
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typical examples that will perhaps serve to impress the reader with the prolific char- 
acter of such wells and the difficult problems presented in controlling them. 

The Mexican fields have produced many highly productive wells that have taken 
their oil in most instances from highly permeable limestones, largely under the influ- 
ence of the expulsive force of high-pressure edge waters. One of the most prolific of 
these was “Potrero de Llano No. 4,” situated in the state of Vera Cruz about 50 km. 


Fig. 56. — A California gusher, showing accumulation of oil-saturated sand ejected by the 

flowing oil. 


from Tfixpam. * Control of this well was lost when it was “brought in” and was 
never entirely regained because of the formation of extensive craters and seepages 
about the well-head; but partial control was effected about three months after com- 
pletion and the flow turned into a hastily constructed earthen reservoir. This reser- 
voir had a capacity of 2J4 million barrels but was soon filled. Much of the early 
production flowed down the Buena Vista River and was burned many kilometers 
* Chambers, A. E., Potrero No. 4, A History of One of Mexico^s Earliest and 
Largest Wells, /our., Inst. Petroleum Tech., vol. 9, p. 141-165. 


106 


OIL FIELD EXPLOITATION 


clisf-ant. At times the well was estimated to be producing at a rate in excess of 
1flO,(M'IO 111)!, per day, the column of oil rising to a height of 250 ft. above the casing 
head and sf)ray and gas considerably higher. The noise created by the rapidl}^ expand- 
ing gas was terrific and could be heard at a distance of 8 miles. During its 8 years 
and 4 months of productivltjy Potrero No. 4 is said to have yielded upwards of 100 
.million barrels of oil. Its productive life was termina^ted when salt water replaced 
t he oil a nd took possession of the well. ‘ ‘ Dos Bocas,” another famous Mexican gusher 
ill the same district ‘‘blew-in’^ unexpectedly and was never brought under control. 
It became ignited almost immediately on completion of the drilling and burned for 
6 months. Its rate of pi'oduction, estimated, at times, to be as great as 100,000 bbl. 
per day, could not, of course, be measured. The fire was not extinguished until all 
ttie oil ill the pool tapped by the well was consumed and the flow of gas and oil was 
replaced by a strong flow of salt water. A crater many acres in expanse formed about 
the well, and it is now a salt-water lake. , 

The California oil fields have produced a number of famous gushers. One of the 
most spectacular of these, the “Lakeview No. 1,” occurred in the Midway-Sunset field. 
This was ^‘brought in” out of control and produced iipivards of 10 million barrels of 
oil during a period of 1834' months. Only 6 million barrels were ever marketed, the 
remaining 4 million being lost by seepage and evaporation. The daily production 
at times exctaaled 50,000 bbl. per day, and the oil column reached a height of 240 ft. 
abov{‘ (he u(‘!l-!ii‘a,d. The spray, caught by the wind, was at times carried to a dis- 
tance oi 2.^ j niilcs. The well could not be capped owing to the formation of a crater 
and e.xtensive sf'CfKages about the well head, but, after some months of uncontrolled 
flow, a stockade 15 ft. in height was built of piles, heavy timber and sacks filled with 
sand, forming a reservoir about the well liead into which, the well discharged its oil. 
A !iea,vy timbm raft fioating on the oil directly over the well, and chained in its posi- 
tion, d{.41t.‘c( cd the asceiiding stream of oil and gas downward into the reservoir. Oil 
was pumped from this reservoir, enclosing the well-head, to other earthen reservoirs 
behind «mduinkments that were hastily constructed at favorable points in the vicinity. 
Ahout a yi^ar afrtu' completion of ‘T-^akeview No. 1,” a second great gusher, known as 
**Lak(‘viiav No. 2,” was “brought in” in the same vicioity. This well produced 
upwards of 30,0(11) bbl. per day for a period of about 6 months before it could be 
brouglu under control. Most of the oil had to be stored in large, shallow, earthen- 
lined restu’voirs in the vicinity of the well, and much of it was lost by seepage and 
evaporation. 

In ( lie Baku r(‘gion of southern Russia, many highly prolific wells of gusher propor- 
tions have b('(m completed. A well in the Bibi Eibat field, completed in 1901 and 
Xirodmnng from a depth of only 1,800 ft., is said to have reached a maximum produc- 
tion in exc(‘ss of 100,000 bbl. of oil per day. Early wells in this region were of large 
diameter and produced great quantities of sand with the oil. Oil from this gusher 
fell in the <‘ity of Baku, 234 miles distant, and many of the buildings had to 
be repainted. D<.‘eper horizons in the Bibi Eibat field are still productive of gusher 
wells unhfss proptu* precautions are taken to avoid loss of control. A well, which 
attaineil tlui largest dailj^ rate of production known to the writer, was completed in 
the near-liv Lok~I»atan field in 1933. Producing at a rate of from 105,000 to 170,000 
bbl, per day, it yi(‘lded a total of Ifi million barrels in 13 days from a depth of only 
1,800 ft. The well was permitted to operate without a supporting casing opx'iosite 
the reservoir rock, and great quantities of sand wmre brought to the surface with the 
oil and accumulated to a depth, of several feet over an area of several acres in the 
yudnity. After 13 days of productivity, the well became, choked with sand so that 
It had to be redrilled before production could be regained. 
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Gushers are most likely to result in fields where large quantities of gas are produced 
with the oil, for it is the rapid expansion of gas that gives the oil the high velocity 
necessary to eject it from the well-head with such violence. In some instances, it is 
reported that individual wells have produced in excess of 100 million cubic feet of gas 
per day. Wells in ‘‘water-drive” fields, producing with low gas-oil ratios, may have 
high rates of production, but as a mle they flow without great violence. For example, 
many wells in the Yates field of west Texas were capable of flowing at rates of from 
1,000 to 8,000 bbl. per hour; yet the formation pressures, gas-oil ratios and delivery 
velocities were comparatively low. 

The reader must not assume from the foregoing descriptions that 
flowing wells are necessarily spectacular and destructive. Gushers are 
the exception, and for every wild w^ell that gets out of control there are 
thousands that flow their production quietly into the gage tanks with 
little or no loss of gas or oil. Indeed, with high-test steel valves and 
fittings and with the modern drilling equipment and methods now avail- 
able, the bringing-in of a well out of control is a rare exception and is 
coming to be regarded as a result of poor engineering. Wells developing 
pressures three times as great as those that proved impossible to control 
20 years ago are now completed and brought into production and the 
oil and gas turned into surface gathering lines, with scarcely any wastage. 
Wild wells today are generally the result of accident or of failure to select 
and install the proper equipment or are due to encountering unexpected 
high-pressure gas and oil-bearing horizons in wild-cat^' territory. 
Proper selection of equipment and care in completion and bringing-in 
of wells will largely prevent high-pressure wells from getting out of con- 
trol. The use of suitable equipment in high-pressure fields is required by 
law in some jurisdictions and is supervised by state enforcement officers. 

INTERMITTENTLY FLOWING WELLS 

At a certain stage of their declining productivity, most flowing wells 
exhibit a tendency to flow intermittently. A flow of oil with some gas 
will be followed by a flow of gas with no oil; then will ensue a period of 
quiescence during which the well seems ^^dead’’ and neither gas nor oil 
is discharged. This is termed heading’^ or surging, and the oil 
flow is said to be “by heads.^’ It is primarily a result of an insufficient 
volume of gas and too low an ascending velocity of the fluids to maintain 
steady flow. In many respects, this type of flow is analogous to geyser 
action. Withdrawal of oil from the reservoir rock about the w'ell and 
gravitational settling of the remaining oil often leave oil-drained spaces 
in the upper portion of the reservoir rock immediately beneath the cap 
rock (see Fig. 18). Oil accumulating in the well to an elevation above 
the cap rock momentarily seals off this oil-drained space and gas pressure 
builds up within it until the pressure is sufficient to enable the gas to 
force its way into and take possession of the well. As this gas expands 
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on its way up the wellj it forces the accumulated oil ahead of it to the 
surface. Eelease of gas pressure in the well again permits oil to enter, 
the fluid level rises and the cycle is repeated. The flow usually occurs at 
definite time intervals ranging from a few minutes to several hours, but, 
as the well ages and the formation pressure gradually subsides, the flow 
periods become less frequent and the quantity of oil reaching the surface 
declines. If a well is tubed, the space between the casing and the tubing 
often provides a chamber in which gas accumulates and builds up pressure 
in. similar fashion, causing the fluid to ^^head.^^ If this is the case, 
surging may usually be minimized by installing a packer near the lo-wer 
end of the tubing to pack off the annular space between it and the casing. 
It is also reported that the tendency of wells to surge may often be 
reduced by drilling small holes in the flow tubing from the top of the 
lowermost joint to its lower end. If a surface choke is used and the well 
shows a tendency to 'Tiead,'' a condition of steady flo-w may sometimes 
be regained by enlarging the choke, thus permitting the volume of the 
flowing gas to increase and creating a more rapid ascending velocity. 

Ther(’* has been considerable discussion among engineers concerning 
the efficiency of intermittent flow, some believing it to be more efficient, 
some less efficient than steady fiow.'^' Under certain conditions of 
steady flow, there may be excessive ^‘'slippage” of gas through the oil, 
which results in loss of efficiency in utilization 'of gas energy. When a 
W’ell ‘'Hieads/^ there is comparatively little slippage, the action being 
primarily that of an ejector in which a column of liquid is lifted bodily 
ahead of tlie expanding gas. However, it seems probable that a flow 
siring designed to operate by steady flow W'ith minimum slippage would 
be more elHeicait than intermittent flow because of the important energy 
and friction losses in accelerating the column of oil by the latter method 
and be(‘tutse of the higher average back pressure iiiider which the well 
must operate. When producing from unconsolidated sands, surging 
tends to increase the influx of sand into the well. 

Stopcocking 

A method of oil recovery that may be classified under the general heading of inter- 
mittent flow, that has been used only to a limited extent up to the present time, is 
that known as ^‘stopcockmg.” In this process, wells are periodically shut in to permit 
of gas pressure building up in the sands about them. During the alternate periods 
, of productivity, it is found, under some conditions, that the added production realized 
through the application of greater average reser\mir pressure exceeds that which 
would be realized by continuous operation under lower average pressure. The 
intervals during which the wells may be .shut in may be anything from a half-hour or 
so up to sfweral weeks in duration, depending on sand and pressure conditions. 

*ScnATEE, K. C., Gas As a Factor in the Production of Oil, Mining Met^ April,. 
1926, pp. 160“! 70, Am. Inst. Mining Met*. Eng, 
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In order properly to understand why stopcocking may increase the rate of oil 
production, and perhaps also the ultimate recovery, it is necessary to consider the 
changes and readjustments that take place within the oil sand when a well is shut in. 
During continuous flow, much of the pore space of the reservoir rock in the immediate 
vicinity of the well is occupied by gas that has been released from solution in the oil, 
or that is in process of drainage into the well from surrounding masses of gas accumu- 
lated in the upper part of the reservoir rock as a result of gravitational segregation of 
the reservoir fluids. A comparatively small part of the wall area of the well within 
the reservoir rock is available for oil drainage, the greater part being occupied by gas. 
Pressure at the wall of the well is low, and fluids must drain through the reservoir rock 
over considerable distances to reach the well. * 

When the well is shut in for a time, the oil tends to level-up’^ in the reservoir 
rock in the vicinity of the wells, so that a greater percentage of the thickness of the 
reservoir rock at the wall of the well is occupied by oil. The pressure about the well 
also builds up until it approaches the maximum reservoir pressure existing at remote 
points. This ‘Teveling-up” process and pressure restoration in the vicinity of the 
well are accomplished slowly and with comparatively little energy loss. When the 
well is reopened for production, conditions are right for a substantial flow of oil into 
the well with a comparatively low gas-oil ratio. The oil comes from, areas immedi- 
ately about the well; hence but little energy is consumed in its expulsion and, further- 
more, being under high pressure, it contains much of its original quota of gas in 
solution, thus assuring a minimum oil viscosity and minimum flow resistance. Under 
this system, oil and gas are produced only when conditions within the reservoir rock 
are favorable for eflicient production. 

Mechanical and electrical stopcocking devices are available for automatically 
controlling the outlet valves of flowing wells, so that they are opened for production 
when the casing-head pressure rises to a certain point and closed when the pressure 
falls to whatever minimum pressure is considered advisable. 

Field observations of the effects of stopcocking on producing wells have been 
made with results that have seemed imfavorable in some cases and advantageous in 
others.^® Whether or not it leads to an additional rate of recovery will depend upon 
the oil, sand and pressure conditions. If the formation pressure has not too far 
declined, if the oil is not too viscous and pore openings not too fine to prevent reason- 
ably rapid readjustments of oil levels and gas pressures when the wells are shut in, 
we might expect the over-all rate of recovery to be increased by stopcocking. Under 
other circumstances, it may be found that the loss in production during the shut-in 
periods ■will exceed the gain in the recovery rate during periods of operation, so that 
the net effect will be a loss. It seems reasonable that, under favorable conditions, 
oil should be produced with a lower gas-oil ratio by stopcocking than by continuous- 
flow methods. Hence, theoretically, the ultimate recovery should be increased. 
Whether or not the stopcocking process is an economic one will therefore have to be 
determined with reference to the influencing conditions in each particular case. 

Bottom-hole Flow-line Valves 

Wells that are operated by intermittent-flow methods may be made to flow their 
production more efficiently and with lower back pressures by installing, on the lower 
end of the tubing, a valve that automatically closes and prevents access of oil and gas 
to the tubing from the well when the surface control valve is closed. When conditions 

Uken, L. C,, New Methods of Using Energy in Gas to Stimulate Oil .Recovery, 
National Petroleum NewSj Apr. 27, 1927; pp. 67-77. 
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*n*<‘ ri|^ht for ii flow, this vmIvg is opened and oil is admitted under considerable hydro- 
static. pressure ami thus attains a higher velocity than would be the case if the oil 
wiu'c* allowed to nceuniiilate in the tubing between flows. High flow velocities in the 
lowiu* md of the tubing permit of rapid upward acceleration of the fluid, and sudden 
reduction of pressure permits of release of dissolved gas from the oil that further 
imTcases the upward velocity and promotes flown Finally, when free gas enters the 
lower end of the tubing, further expansion drives the already ascending and gas- 
iightenofl oil coliiinn rapidly to the surface. In this wmy, the high back pressures 
tiiat must often be applied against the formation in ^‘kicking-ofl ” flownng wells after a 
period of idleness are minimized. 

One type of bottom-hole flow-regulating valve is lov/ered on a wire line and fixed 
in the lower end of the tubing by slips that engage when iipAvard pressure is applied. 
The upwardly opening check valve is allowed to open, or is closed against the well 
pressure, by lowering or lifting a ’weight suspended immediately above the valve on a 
Hallibiirtou measuring line extending dowm from the surface. The wore line passes 
througli a pindcrMi gland in the tubing head, so that it does not interfere in any way 
with usual control facilities at the surface. The slips thaj readily be released 
when desired, so tliat the valve can be removed to the surface for repairs or 
replacement. 

INDUCED FLOW 

When the reservoir pressure about a well declines sufficiently and the 
oil aud gas arc no longer produced in sufri.cient volume to sustain natural 
flow, the well ‘Tlies.’ ^ The static fluid level within the well may still be 
high, however, perhaps many luindreds of feet above the top of the reser- 
voir rock. There follows an intervening period, before mechanical 
|)umping of the well must be resorted to, in which the forces favoring and 
opposing flow are about evenly balanced. At this stage, it is usually 
possihle to induce flow and thus continue production for a time without 
tlie inM*c\ssity of piiiTiping. This may be accomplished by agitation of the 
oil by swal)bing, by injecting extraneous gas into the oil or by the use of 
explosives. Frequently an apparently ^Tlead^’ well can be made to flow 
by making suitable changes in the design of the flow string and the 
diameter of the well within the reservoir rock. 

Agitation 

Oil in the well is ordinarily supersaturated with dissolved gas, and agitation has 
the elTiad, (jf (|iiickly liberating much of it. Gas so released operates to increase the 
volium? a,nd naluce the* density of the well fluid, and, in its effort to expand and move 
toward t lui surlace wiiore pressures are lower, flow of oil may be induced. Agitation 
may {)e acc'ompiislied by hoisting and lowering the bailer or an ''agitating string,” 
consisting of a short column of 2- or 3-in. tubing, througli the accumulated oil in the 
wf'lL^ in some fkdds, it is customary to agitate the oil periodically — ^usually daily — 
causing flow of all or most of the oil that has acciimulated in the well during the pre- 
ceding 24 hr. In the Sunset field, Kem County, California, wells were, operated, by 
this method for years after natural flow ceased, and at a cost m.aterially lower than 
would have been incurred in the, operation of puiiips. In this field, a large quantity 
of fine sand Is produced with the oil, and, its destructive effect upon, any mechanical 
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pumping device is also an important factor in encouraging the use of intermittent- 
flow methods. 


Swabbing 

Under favorable conditions, wells that have ceased to flow may be made to resume 
flow by swabbing. A swab is a device equipped with an upward-opening check valve 
that is designed to fit snugly within the well casing or tubing through which oil is 
produced. Lowered on a wire line (often the “sand*' line or a drilling cable is used) 
to a point well below the surface of the fluid in the well, it is rapidly withdrawn to the 
surface, lifting above it the oil through which it has been lowered. (Various types of 
swabs are described on pages 419 to 421 of the first volume of this work.) Reducing 
the pressure within the lower end of the flow tubing or casing in this way, by removing 
a part of the column of accumulated fluid vrithin it, encourages more oil to flow rapidly 
in from the surrounding well cavity, thus creating upward momentum to the entire 
column of fluid. Suction effects also developed below the swab cause release of gas 
from solution in the oil, thus reducing the average density of the column of fluid 
and further promoting flow. Once flow is started in this way, it will often continue 
for a time without additional artificial assistance. 

In some cases, the swab is used simply as a lifting medium for removing oil from 
wells, without any intention of inducing flow. It is then properly classed as a mechan- 
ical lifting appliance rather than as a flow device, and as such might more properly 
be discussed in Chap. IV. Each well is swabbed at regular inteiwals — perhaps once 
every day — by lowering the swab to a point near the lower end of the tubing or casing 
and then hoisting it, and the accumulated fluid above it, rapidly to the surface. 
Animal power may be used for this purpose when walls are shallow, but usually the 
light wire cable on which the swab is lowered into the well is wound on an engine- or 
motor-driven sand reel, bull-wheel shaft or hoisting drum. Considerable power is 
necessary in hoisting the swab from the well, and care must be taken to avoid lowering 
it into a column of fluid to such a depth that the available power for hoisting is 
inadequate. 

The swab is effective in handling oil containing sand, though there is some danger 
of sand settling upon it to such an extent that its removal from the well is difficult. 
Wear on the friction surfaces of the swab is excessive, particularly when the oil carries 
sand, and leakage between the swab and the casing or tubing, in which it is operated, 
may greatly reduce the efficiency of the method unless the packing rings are frequently 
replaced. The swab may be used only when the well is lined with a single straight 
column of casing or tubing, free from projections on its inner surface. 

Peoper Proportioning op Tubing Size and Control, op Back 
Pressures and Gas-oiu Ratios 

Flow may often be induced in “dead" wells and the flow period prolonged by 
proper design of the flow tubing and by regulation of pressure conditions within the 
well and at the surface to maintain a suitable gas-oil ratio. The diameter of the flow 
string and the pressure conditions within it must be so proportioned to the volume 
of oil as to provide an appropriate ascending velocity. This condition requires that, 
as reservoir pressures and the rate of oil production decline, the flow tubing be changed 
from time to time — progressively smaller diameters being used — and that the back 
pressure maintained against the reservoir rock at the bottom of the well, and on the 
tubing head at the surface, be occasionally reduced so that the gas may be more fully 
expanded. Both these conditions make for increase in flow velocity. Frequently 
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tlio problem presented is one of securing a proper balance between the pressure con- 
clilions and rates of flow in different parts of the flow string, and in this case the use 
of li ‘‘tapered’’ flow string ma..y provide the best solution. These matters are to be 
nii.m fully discussed in a later section and are only mentioned here as among the means 
available to the producer for inducing and maintaining flow. 

Assisting Flow by Injecting Additional Gas 

When there is insufficient natural gas energy to support flow, we may supplement 
the energy afforded by nature by injecting an additional supply of high-pressure gas or 
air in such a way that it combines with the formationai oil and gas at the foot of the 
flow string and rises with it to the surface. This is the means adopted in the so-called 
‘‘gas lift/' widely used as a means of lifting oil from wells, to be described in greater 
detail in Chap. III. The gas injected may have been trapped from oil previously 
produced and mechanically compressed; or, in high-pressure areas, it will sometimes 
happen that some of the younger wells produce gas under sufficient trap pressure to 
permit of it being injected into older lower pressure producers without artificial 
compression. 

Assisting Flow by Use op Explosives and by Formation 
OF Well Cavities 

A given rate of oil flow will be maintained from the producing formation into a well 
of large diameter with a greater resenm of gas energy than into a well of small diam» 
eter. Less energy is consumed in moving the fluids throiigli the reservoir rock and 
into the well; hence, more of the energy originally latent within the oil will be available 
for raising it tliroiigh the flow tubing to the surface. The theoretical advantages of 
large-diameter wells, in this respect, were briefly discussed on pages 48 to 5*2. It 
follows that we may stimulate and prolong the period of natural flows some 

eases, induce wells that have ceased to flow to resume, by forming a cavity about the 
well within, the producing formation, or, if one already exists, by reaming it out to a 
larger diameter. Well cavities may be formed or enlarged in soft formations by 
hydraulic inetliods and in hard formations by the use of explosives. These methods 
and the results secured through their application are to be described in greater detail 
in Chap. V. High explosives, such as nitrogbYcerin and dynamite, are widely used in 
inducing and st.iiiiu!ating flow in wells producing from limestone and w^eli-cemented 
sandstone reserw'oir rocks of low permeability. Wells are often given an initial 
“stiot” at the time of completion (see pages 421 to 426 of voL I of this work) and in 
some instances do not produce until this is done. They m,ay then flow oil and gas in 
substantial volumes for weeks or even months. When the flow subsides, an additional 
‘‘shot’' and thorough cleaning out of loosened material will often revive the wmll so 
that it.s rate of production is materially increased and natural flow continued for a 
further period (see Fig. 219, Chap. V). The explosive senms not only to enlarge the 
well cavity, but also to fracture the reservoir rock, thus giving the reservoir fluids 
easier acc^ess to the well. The considerable increase in volume of production following 
“shooting'’ of a well is probably also due, in part, to vibration of the fluids, which 
promotes release of dissolved gas from the oil. The oil in the reservoir rock about the 
wndl tends to remain supersaturated with dissolved gas, and the violent agitation 
created f)y the explosion “shakes out” the surplus gas. In the free form, this gas is 
then caipaldc of expansion, increasing the volume of fluid entering the \veii and thus 
etimiilating flow. 
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HYDRODYNAMICS OF NATURAL FLOW , 

In approaching the design of tubing installations in flowing wells and 
in the control of flowing wells to secure maximum efficiency in utiliza- 
tion of the natural energy availablcj it is important to give consideration 
to a number of factors that may appropriately be discussed under the 
general heading of ^^hydrodynamics of natural flow/^ The matters to 
be discussed apply also to flow by artificially developed and applied gas 
energy, as in the several variations of the “gas lift’^ to be described in 
Chap. III. 

Wats in Which Enebgy Is Expended in Flowing Wells 

In the flow of gas-oil mixtures through vertical pipes, energy is con- 
sumed in a variety of ways. First, and probably of greatest importance 
in most flowing wells, is the energy necessarily consumed in lifting the 
oil and gas from the bottom of the flow tubing to the delivery point oi) 
the surface. This, of course, may be measured directly in foot-pounds, 
being the product of the weight of the fluid and the vertical elevation 
through which it must be lifted. In addition to lifting the fluid, energy 
is consumed in accelerating it from the minimum velocity with which it 
enters the lower end of the flow tube to the maximum velocity attained 
on approaching the surface. Additional energy is consumed in expanding 
the gas from the volume occupied at the lower end of the tubing to its 
delivery volume at the surface and also in accomplishing the change of 
state of certain of the lighter fractions from liquid to vapor with loss of 
pressure. Some energy is also consumed in release of dissolved gas from 
solution in the oil as a result of reduction in pressure. 

Energy losses are also experienced in overcoming certain flow resist- 
ances. There is the friction of the rapidly ascending fluids on the walls 
of the metal tube; the internal friction of the fluid masses, of films of 
oil moving on each other; of slippage of gas masses through the oil. 
Additional losses are incurred in offsetting the effects of fluid turbulence; 
collision of fluid particles with each other and with the walls of the flow 
tube bring them momentarily to rest or retard their velocity so that 
they must be again accelerated. Certain minor energy losses are also 
incurred at the point of admission of the fluids to the flow tubing and at 
the point of exit; and every fitting — such as valves, elbows, tees, chokes, 
etc. — that occasions any change in the direction of flow or interposes any 
constriction in the flow channel is an additional source of energy loss.* 

* May, C.| J., and Beale, E. S. L., The Scientific Study of the Flow of Oil in Wells, 
'^Science of Petroleum,” vol. I, pp. 556-”567, Oxford University Press, New York, 
1938. 
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Vabiation IK Characteristics of Fluids at Different 
Depths within the Flow Column 

The changes that occur in the ratio of gas to oil in different parts of 
the flow string, with variation in pressure conditions, and their influence 
on the character of flow, have been outlined in an earlier section (see 
page 95). The viscosity of the fluids and the surface tension of the oil, 
as influenced by changes in pressure and temperature, doubtless have 
their effect upon the flow resistance and energy loss. As has been shown 
in the previous chapter (see page 17), the solubility of gas in oil diminishes 
with reduction in pressure, and the viscosity and surface tension of the 
oil are increased as the quantity of gas in solution diminishes. There are 
also minor changes in oil density and volume with release of gas from 
solution in the oil* Reduction in temperature increases the solubility 
of gas in oil, but any advantage that might be gained through this effect, 
in diminishing the oil viscosity and surface tension, is offset by the direct 
influcmci* of reducf?d temperature on the properties of the oil, tending to 
incrtvase ihem. With some oils, the change in pressure between the 
Iow(‘r end of the flow string and the surface is sufficient to bring about a 
change of state, converting a large percentage of the liquid to vapor, 
thus further dirninishing the volume of the oil phase and increasing that 
of the gas phase as the fluids approach the surface. 

In that type of flow wherein the gas is largely occluded within the 
oil in the form of bubbles, or as a froth, and also when flow is in the form 
of alPunaling ‘hsliigs’^ of gas and oil, the resistance to flow and energy 
consumption are doubtless controlled in large part by the viscosity, sur- 
face tension and density of the oil. As the pressure is lowered, the sur- 
face tiuLsion of the liquid increases and the stability of the foam diminishes. 
On the other hand, wdiere gas becomes the external phase and “mist 
flow ” prevails, the properties of the gas probably control flow resistance. 
It is important in any effort toward formulation of variables, or in com- 
putations based on such formulas, to recognize this fundamental differ- 
e!i(*e that distiiigiiishes mist flow from froth flow. Slippage of gas through 
the oil, often an important source of inefficiency, is influenced by the 
relative dcuisities of the gas and oil and the interfacial tension existing 
lietweeii them. As suggested above, these properties are altered by 
changes in pressure and temperature. Where “annular-ring” flow pre- 
vails, in which oil rises as a cylinder about a core of more rapidly ascend- 
ing gas, the dragging effect of the gas on the oil at their cylindrical 
surface of contact is doubtless also influenced to an important degree by 
tlie relative densities, viscosities and interfacial tension existing between 
the two fluids. 
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Pressure Conditions at Different Depths 
WITHIN THE Flow Column 

Studies made of the pressure conditions within the tubing of flowing 
wells have indicated that, in general, the pressure varies directly and in 
approximately straight-line relationship with depth, except where a 
change in the character of flow occurs. Figure 57 presents typical 
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(After Sage and Lacey, Am. Petroleum Inst.) 

Fig. 57.— Graphs showing temperatures and pressures at various depths in a flowing well 
and comparison with theoretical adiabatic conditions. 

pressure and temperature gradients. This is in conformity with knowl- 
edge of the fact that in continuous flow there is necessarily the same 
weight of oil and gas passing every point in the flow tube per unit of time. 
Changes in pressure and volume of the fluids are compensated by changes 
in flow velocity. Hence, in so far as the mere lifting of the oil and gas 
is concerned, each linear foot of vertical lift will occasion the same pres- 
sure loss, irrespective of the depth. Friction losses also seem to be more 
or less constant, the tendency toward greater flow resistance at higher 
velocities toward the upper end of the flow string being largely compen- 
sated by increased gas-oil ratios and lower gas densities and viscosities. 

Expansion op Gas in Flowtng Wells 

As a result of the reduction in pressure during flow from the lower 
end of the flow tubing to the surface, the gas undergoes continual expan- 
sion. A fluid entering the well from the productive formation with a 
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ratio of, say, 12 volumes of gas to 1 of oil may be discharged at the sur- 
face witli a gas-oil ratio as great as 375 to 1. Free gas entering the lower 
end of tlie flow tube may thus expand to thirty times its original volume. 
Ill adflitioii to tlie increased volume resulting from expansion of gas that 
enters the lower end of the flow string in the gas or vapor state, the 
volume delivered at the surface is augmented by such gas and vapor as 
is released from the oil during the period of flow. If the pressure drop is 
considerable, the additional volume of gas and vapor so liberated may 
be a substantial percentage of the total gas volume as measured at the 
surface. 

Inasmuch as the total supply of energy available for lifting the fluids 
and for overcoming the various resistances to flow is derived from the 
expansion of this gas, the volume and pressure conditions and the char- 
acter of the expansion are highly important. The energy available in 
the form of external work from a body of expanding gas varies, depending 
upon whether or not the temperature is reduced as a result of the expan- 
sion. For isotliermal expansion, when a gas expands from a volume 
V I to a new volume Fa, the energy liberated is expressed by the equation* 

W = PxFi X log. L, . (1) 

y 1 


ill which Pi is the initial pressure; Fi is the initial volume; Fa is the 
final volume; and IF is the work done in foot-pounds. With adiabatic 
expansion, from pressure Pi at temperature Pi and volume Fi, to pressure 
Pa, temperature Pa and volume Fa, a lesser amount of energy is available 
in the form of external work; here 


and 



III these equations, K is the ratio of the specific heats of the gas. For 
methane, fhc^ value of K is 1.32. 

Normally, the temperature falls when a gas is permitted to do work 
by rapid (expansion, but, in the case of the flowing well, it seems probable 
that tlic^ temperature at any depth is influenced to an important degree 
by the? geotliermal gradient. As has' been shown by studies of the geo- 
thermal gradient in various American fields, the temperature increases 
with depth at a rate- that seems to average about TF. for each 50 ft. 

* Marks, L. S. (editor),- ^^Meclianical Engineers^ Handbook/' 1st ed., p. 317, 
McGraw-Hill Book Company, Inc., New York. . 
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Thus, in deep wells, a difference of as much as 150®F. may exist between 
the temperature of the producing formation at the bottom of the well 
and that in the surface formations. Oil and gas enter the well at approxi- 
mately the temperature of the producing horizon and are subjected to 
close contact with surroundings maintained at continually lower tempera- 
ture as they rise to the surface. As will be shown in the next section, 
the oil and gas flow rapidly to the surface, 
so that there is but little time for heat con- 
duction between the ascending fluids and 
the surrounding formation, flow string and 
well casings. The temperature of the fluids 
would therefore normally tend to be some- 
what above that of their immediate sur- 
roundings. Possibly in some cases the 
reverse is true, rapid expansion tending 
toward a more rapid loss of temperature 
than is characteristic of the prevailing 
geothermal gradient. Whether the temper- 
ature of the ascending fluids is above or 
below that of their surroundings, the geo- 
thermal gradient doubtless has its influ- 
ence in controlling the rate at which their 
temperature falls. 

Studies of temperatures at different 
depths in the tubing of flowing wells 
show that the gas is normally delivered on the surface at a tem- 
perature somewhat above atmospheric, but lower than the temperature 
of the reservoir rock. Figure 58 shows the observed temperature 
gradient in a typical case. It will be observed that expansion of the 
gas is neither isothermal nor adiabatic, but is accomplished with a 
temperature variation intermediate between the two extremes. How- 
ever, in most cases it is probably nearer the isothermal ideal than adia- 
batic. Observations of the temperature gradient indicate that the loss 
of temperature is an exponential function of the pressure drop, hence 
the term '^exponential expansion^’ applied by some authorities.* 

Flow Velocities 

With the volume of the fluids continually increasing as they approach 
the surface, it is clear that in a flow tube of uniform cross section their 
velocity must correspondingly increase. Observations in flowing wells 
have indicated that for continuous flow the fluids must enter the lower 
end of the flow tubing with a certain minimuni velocity, which varies 
U, S. Bur. Mines, Tech. Paper 460, p. 20- 
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(After C. J. May, Am. Inst. Mining 
Met. Eng.) 

Fig. 58. — Graph showing varia- 
tion of temperature with pressure 
in the tubing of a flowing well. 
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liffTirdiiig to different authorities from 1.5 to S ft. per second. If the 
entniiice velocity is less than this, flow will become eriatic and the well 
will “ head.'' It is probable that this minimum velocity will depend upon 
tlie physical properties of the fluids and the characteristics of flow. 
Hip:!ily Compressed gas, owing to its greater density, has a greater lifting 
capacity for oil at low velocities than low-pressure gas. Continuous 
flow is doufnless supported with lower initial velocities when the fl.uids 
are in the “froth" or “slug" condition than when gas-oil ratios are so 
high that “mist" flow must prevail. 

” >b)st eflicieiit flow is attained with somewhat higher velocities than 
the miiiimimi flow velocities suggested above. According to different 
authorities, the most desirable initial velocity ranges from 6.5 to 18.5 ft. 
per second, with 15 ft. a suitable average. It is desirable to avoid exces- 
sively high initial velocities since they tend toward high friction and 
turbulenc'e losses and there is greater tendency for the gas to strip light 
fractions in vapor form from the oil. If water is present, high flow veloci- 
ties also result in more thorough emulsification with the oil. 

Slippage 

The more rapid ascending velocity of the gas in comparison with that 
of the oil in flow of gas-oil mixtures througli pipes is termed “slippage." 
It maj" l>e coin eniently expressed as the ratio of the ascending velocity 
of the gas to that of the oil and can be quantitatively evaluated under 
givtai 1 ‘oiulitioiis as a result of experimental research. Excessive slip- 
page may accoiiiit for a large energy loss and is primarily responsible for 
tilt* lo\v (‘fficiemles characteristic of some flowing wells. When conditions 
arc^ sueli that the gas rises much more rapidly than the oil, a greater per- 
centage of the \i)iume of the flow column is occupied by oil than when 
the slippages ratio is small. This results in a high average fluid density, 
high l)aek pressure on the productive formation, large frictional losses 
and lower over-all efficiency. 

Slippage is governed largely by flow velocity, size of tubing, gas-oil 
ratio and density and pressure of the gas. It becomes excessive at low 
velociti{\s and with liigh gas-oil ratios. It is less pronounced in flow 
strings of small than in tubes of large diameter. Viscosity of the oil is 
apparently not so important in its influence on slippage as surface ten- 
sion.^' In discussing slippage, w^e must again distinguish between the 
difft*rent types of fl,ow. Oil and gas move at more nearly the same 
upward velocity in froth and “slug" flow than in mist and annular- 
ring flow. In froth flow and “slug" flow, the smaller the slippage factor 
the greater will the lift efficiency become, but in mist flow and annular- 
ring flow tliere must be a certain amount of slippage or the oil is not raised.' 
If we consider the. mist condition, in which small spheroids of oil are 
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suspended in a stream of rapidly ascending gas, it is clear that the oil 
particles are kept afloat and caused to rise only by the frictional drag 
of the stream oi- gas flowing by them. The same is true of the cylinder 
of gas in the annular cylinder of oil in annular-ring flow. Without 
viscous drag on the inner surface of the oil cylinder, occasioned by the 
more rapid ascending velocity of the gas, the oil cannot be raised. Appar- 
ently in mist flow^ and annular-ring flow there is a certain value of the 
slippage ratio that gives optimum efficiency. Both lower and higher 
slippage ratios would ^deld lower efficiencies. It seems reasonable, also, 
that we should recognise differences in the slippage ratio in different 
parts of the cross section of the flow column. In froth flow, there is 
less slippage in the center of the flow tube than near the walls, where 
viscous drag of the oil films on the metal wails tend to reduce the flow 
velocity. In speaking of the slippage factor in a practical sense as 
applied to field conditions, we can recognize only an average value for 
the entire system. 


Flow Efficiency 

The efficiency of a flowing well, which is governed by all the factors 
discussed under the foregoing sections dealing with hydrodynamics of 
natural flow, is a matter of interest in making comparisons of the rela- 
tive efficiencies of utilization of natural energy in different wells and 
provides a useful criterion in comparing the effects produced by different 
systems of well control. As a basis of comparison of relative efficiencies, 
we may conveniently adopt as 100 per cent efficiency the number of 
foot-pounds of work theoretically necessary by isothermal expansion to 
raise the oil and gas produced at the current rate, without regard to any 
frictional or other energy losses. This figure, divided by the number of 
foot-pounds of energy actually consumed in flowing the current produc- 
tion, multiplied by 100, is the percentage efficienc}^. Both computations 
are conveniently made with the aid of formula (1) on page 116. It 
should be understood that the assumption of isothermal expansion is 
not in accord with the actual character of the expansion in a flowing 
well and that the use of the isothermal work equation is not a true measure 
of the work done by expansion of gas under the conditions presented in a 
flowing well. Theoretical energy available by isothermal expansion is 
suggested only as ,a convenient basis of comparison, which will serve for 
estimation of relative efficiencies. The weight of the gas lifted may be 
ignored in approximate computations. 

S. F. Shaw-^ has computed the data presented in Table VII, which are 
convenient in quickly determining the number of foot-pounds of energy 
available in isothermally expanding a perfect gas within given pressure 
limits. The same authority has also computed the data of Table VIII, 
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Table ?IL— Energy Available in Isothermally Expanding a Perfect Gas’*' 
[I'ooEpDiuKls of work resulting from the expansion of 1 cii. ft. of gas (free gas measured 
at sea level) on expanding from a given pressure in pounds per square inch gage, to 

a lower pressure] 


I/iwer| ■ Higher pressure 


pres- 

sure 

1,000 

900 

SOO 

700 

600 

o 

o 

400 

300 

200 

100 

900 

220 










s.)0 

339 

119 









800 

465 

■ 245 









750 

599 

379 

134 








700 

742 522 

277 








650 

900 676 

431 

154 







600 

i .062 

842 

597 

320 







550 

1,24 11. 021 

776 

499 

179 






500 

1,437 

1.217 

972 

795 

375 






450 

1 , 653 

1 ,433 

1,188 

911 

591 

216 





400 

i ,895 

1 ,675 

j 1,430 

1,153 

833 

458 





350 

2, 106 

1,94(> 

! 1,701 

1,425 

1,104 

729 

261 




300 

2,478|2,25S 

! 2,013 

1,734 

1,416 

1,044 

583^ 




250 

2,845 

2,625 

1 2,380 

2, 103 

1,783 

1,408 

950 

367 



200 

3,288:3,008 

1 2,823 

2,546 

2,226 

2,050 

1,393 

810 



150 

3,849 3,629 

1 3,384 

3,107 

2,787 

2,412 

1,954' 

1,371 

56li 


100 

■l.C)!') 

4.395 

1 4,150 

3,873 

3 , •.)*)3 

3,178 

2,720 

2,137 

1,327' 


50 

5,827 

5 ,607 

5,362 

5,085 

4,827 

4,390 

3,932 

3,349 

2,539 

1,212 

0 

8,964 

8 , 744 

i 8,499' 

8,222 

7,902 

7,527 

7,069 

6,486 

5,676 

4,349 


* After S, ,F. Shaw in Jour. Inst. Petroleum Tech, 


Table VHL— ChiBic Feet of Free Air, Sea-level Basis, at Given Pressure, 
THiR'.uHrri( AL'LY Necessary to Lift One Gallon of Water from a Given Depth* 


Pounds pressure at lower end of eduction tube 


800 


0.490 

0.981 

1.471 

1.961 

2.453 

2.943 

3.434 

3-924 

4.415 


* After S. P. Shaw, National Petroleum News. 


ft. 

100 

200 

300 

400 

^500 

o 

o 

700 

500 

0.96 

0.737 

0.643 

0.589 

0 . 554 

0.527 

0.507 

1 ,000 

1.92 

1.466 

1.285 

1 . 179 

1.107 

1.055 

1.014 

1 ,500 

2.8S 

2.1,98 

1.928 

1.768 

1.661 

1.582 

1.520 

2,000 

3.84 

2.931 

2.570 

2.358 

2.214 

2.109 

2.027 

2,500 1 

4.80 

3.665 

3.212 

2.947 

2.768 

2.638 

2.535 

3,000 

5.76 

4.398 

3.855 

3.537 

3.321 

3.165 

3.042 

3,500 

1 6.72 

5.131 

4.497 

4.126 

3 . 875 

3.693 

3.549 

4,000 : 

7.68 

5.864 

5.140 

4.716 

4.428 1 

4.220 

4.056 

4,500 : 

8.64 

6.597 

5.782 

5.306 

4.982 

4.748 

4 . 563 
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wMch show the volumes of free air theoretically necessary to lift a 
barrel of water from different depths when 100 per cent efBciency is 
assumed. For use with petroleum, the appropriate value given in the 
table should be multiplied by the specific gravity of the oil. 

In connection with efficiency estimates, one must distinguish between 
the apparent lift indicated by the length of the flow column and the actual 
lift, which is the vertical distance that the oil is lifted above the static 
liquid level of the well — f.c., the level to which the oil, free of occluded 
gas, would rise above the lower end of the flow tubing before equilibrium 
would be attained with the reservoir pressure at the wall of the well. 
The height to which the oil must rise above the lower end of the flow 
column to offset the reserAmir pressure is technically called the '^sub- 
mergence,” and the ratio ‘^of the submergence to the total length of the 
flow column is termed the percentage submergence.” Thus, if the 
total length of the flow column is 5,000 ft. and oil must rise to a height 
1,000 ft. above the low^er end of the column to offset the reserAmir pressure, 
the submergence is 1,000 ft. and the percentage submergence is 20 per 
cent. S. F. ShaAV^^ offers the interesting observation that, in most 
flowing w^ells, the percentage efficiency, computed on the basis suggested 
aboA^e, is roughly equh^alent to the percentage submergence. 

On the basis of ideal frictionless performance with isothermal ex- 
pansion, most flowing Avells show a rather low percentage efficiency. 
Although flow efficiencies occasionally approach 100 per cent, values of 
the order of 25 to 50 per cent are usual, and occasionally they fall to but 
a few per cent. S. F. Shaw states that in gas-lifting water the maximum 
possible efficiency is 65 per cent and that, AAuthin his extended experience, 
oil-Avell efficiencies have ahvays been less than this. It seems probable 
that, in cases where A^ery high efficiencies are indicated, all gas is dis- 
solved in the oil at the loAver end of the flow column and that the ratio 
of oil to gas is at all times such as to form a stable foam wffiich rises to 
the surface with negligible slippage. As aa'cIIs age and the available 
formation pressure declines, it is obvious that the amount of energy 
available in each cubic foot of gas declines; furthermore, the effective 
lift increases; and hence the efficiency declines. 

It is apparent that a floAAung Av^ell may represent a continuous expendi- 
ture of a large amount of energy. Consider, for example, a well pro- 
ducing 1,000 bbl. of oil from a depth of 5,000 ft. Avith a gas-oil ratio of 
1,500 cu. ft. per barrel, a bottom-hole pressure of, say, 800 lb. per square 
inch and delivering the gas into a surface-gathering system at 50 lb. 
pressure. If we assume isothermal expansion, Table VII shows that 
each cubic foot of gas liberates 5,362 ft.-lb. of energy. Since the well 
produces 1,500,000 cu. ft. of gas per day, the total energy consumption 
would be 8,043,000,000 ft.-lb., or at the continuous rate of about 169 
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hp. The theoretical amount of work necessary to lift 1,000 bbl. of oil 
wfMfjhins, let us assume, 310 lb. per barrel, with 100 per cent efficiency, 
would he 1,550,000,000 ft. -lb.; hence, the efficiency of such a well would 

be only 19 per cent. 

The following empirical formula has been proposed and used to some 
extent in calculating relative flow efficiencies: 


Percentage efficiency = 


free gas — fluid ratio 
0.072 Lg 

log 10 j5^ 


In this equationy L is the length of the column of tubing plus the height 
of the gas separator; g is the specific gravity of the fluid; Pi is the 
absolute pressure in pounds per square inch at the bottom of the flow 
string; and Pe is that at the top. Figures 59 and 60 present graphs show- 
ing how the efficiencies of wells in the Seminole fieldy Oklahomay varied 
wifii tfieir I’ates of production. It will be observed that the efficiency 
inf*reas(Hi as the rate of production increased^ up to a maximum of about 
50 per cent. 

PRESSURE CONTROL OF FLOWING WELLS 

In an earlier section of this chapter^ it was explained that it is often 
desirable to maintain a certain degree of pressure control on a flowing 
well. Tliis may be done to regulate the rates of production of oil and 
gasy or to control water or sand incursion. Control of the rate of expan- 
sion of the gas permits of suitable regulation of flow velocities and mini- 
mizes temperature changes and dt}position of paraffin wax. Maintenance 
of a high back pressure on the well at the surface will prevent escape of 
light fractions from the oily so that it may be several degrees higher in 
A.P.I. gravity and thus command a higher price. Adoption of a mod- 
erate rate of production will often result in a lower gas-oil ratio than would 
otherwise be possiblCy thus conserving formational energy, assuring a 
slower rate of decline of the wells, increasing the ultimate recovery and 
flowing life and reducing the over-all unit cost of production. Reducing 
tiM3 rate of production of wells during early life permits of more orderly 
marketing and more efficient utilization of the oil and gas; storage and 
transportation facilities are not overtaxed and the operator is better 
able to meet proration requirements. 

When we apply back pressure to a, well by means of a trap, pressure 
regulator or surface we artificially increase the pressure within 

t!ie well. This additional pressure, exerted against the productive forma- 
tion at the wall of the well, -reduces, the differential pressure, so that oil 
is moved into the well from the productive sand with smaller pressure 
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Fig. 59. — Graph shomng volume of gas output necessary to lift 1 bbl. of oil in wells 
producing at different daily rates under conditions present in the Seminole field, Okla- 
homa. Wells are 4,000 ft. deep and produce 41° oil. 



(After Bond, Traxi, Watson and Walker, Am. Inst. Mining Met. Eng.) 

Fig. 60. — Illustrating relationship existing between rate of oil production and efficiency of 
flowing wells in the Seminole field, Oldahoma. 
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loss. Tills will mean, ordinarily, that the rate of flow of the oil and gas 
is somewhat reduced below what it would be under open-flow conditions. 
Also, because of the lower flow velocity of the oil through the reservoir 
rock, the pore resistance is diminished. A slow rate of flow of the fluids 
tliroiigh the reservoir rock with less energy loss will permit of the wmrk 
being done with the expenditure of a smaller volume of gas; hence, the 
gas-oi! ratio is reduced, and the ultimate recovery increased. 

From the standpoint of conservation of energy, on the assumption 
that the gas may be kept within the oil in occluded form, it is probable 
that more efficient application of the expansive force of the gas is attained 
by restraining the flow velocity of the oil through the reservoir rock 
immediately about the well. Owing to the presence of gas bubbles in 
the oil, tlie character of flow of the fluids through the reservoir rock about 
the wall of the well is probably “ turbulent rather than ^^viscous^^'^ (see 
Chap. X). Fnder turbulent flow conditions, the pressure loss increases as 
thf‘ square of the flow velocity; hence, if we were content with a rate 
of production of half the open-flow cap)aeity of a well, this rate could be 
realized with eonsiderably less than half of the energy consumed under 
ofien-flov' conditions. Energy so conserved would result in extension 
of thc‘ drainoge influence of the well and more complete recovery of the oil. 

AnotJicr important advantage of pressure regulation is that, by main- 
taining pressure on a well, a larger amount of gas is retained in solution 
and the oil viscosity and surface tension are thereby maintained at lower 
valiies. As has been shown in Chap. I, these properties are controlling 
factors ill (h'tc'rmining the magnitude of the retentive forces. In some 
fields, as in .East Texas, wliere the fluids are expelled from the reservoir 
rock under influence of high-pressure edge water and the saturation 
pressure of the oil is below the reservoir pressure, it is sometimes possible 
to apply sufficient back pressure to the w'ells so that no gas escapes from 
the oil liiitil after it enters the w^ell. The clogging effect of gas bubbles; 
in the pore spaces of the wall rocks is thus avoided, and the full porosity 
of the rcs(‘r\’oir roctk is available for flow of oil. Viscosity and surface 
tension ol the oil are thus maintained at minimum values, and ail the 
gas (‘liergy is conserved for flowing the oil to the surface. It has been 
louiid possible greatly to extend the flowing life of the wells by this means, 
and undfT la\'orable conditions it would seem to be feasible, if operators 
w(‘re willing sufficiently to restrict the rate of production, to lift the oil 
!)y natural flow methods throughout the entire life of the field. 

Pressure control of flowing wells was first applied in sand fields where 
tlie reservoir rock is so unconsolidated that it tends to disintegrate and 
flow into the wells with the oil. Reducing the flow velocity of the oil 

^ McV iLLiAMs, J. II., Viscous Flow and Turbulent Flow and Effect of Dissolved 
Gas, Trans, Am. Inst. Mining Met. Eng., October, 1926. 
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and gas at the wall of the well, by applying back pressure, restricts the 
tendency of the reservoir sand to disintegrate and reduces the carrying 
capacity of the fluids for sand. A cleaner oil is thus produced, and the 
scouring effect characteristic of rapid flow of sanddaden oil on screens, 
tubing, chokes, control valves and other well and surface equipment is 
thus minimized. Application of back pressure to flowing wells has also 
been found effective in limiting incursion of edge waters and bottom 
waters (see page 347 of vol. I of this work) where water in the producing 
horizon is troublesome. The tendency of edge waters to finger in^^ 
and take possession of the reservoir rocks about Avells in highly permeable 
areas is reduced by maintaining a proper back pressure to limit the rate 
of production of such wells. Where wells are producing from a reservoir 
rock in which the oil sands are immediately underlain by Avater-bearing 
formations with no impermeable barrier between, maintenance of a rapid 
rate of production of the Avells apparently permits the Avater to ^^cone up’^ 
and take possession of the AAudl rocks AAuthin the oil-bearing portion of 
the formation, greatly restricting the rate of oil production. Applica- 
tion of a suitable back pressure on the well, restricting the rate of influx 
of fluids, will often minimize this tendency. 

The rates of both oil and gas production are generally reduced by 
application of back pressure to floAAung Avells, but this is not necessarily 
so; in fact, production records shoAv that the rate of oil production is 
sometimes increased. This is a probable result AA^hen, after production 
has proceeded for a time, large bodies of free gas exist above the oil in 
the productiAm formation about the wells. If unopposed, this free gas, 
in its effort to escape, depresses the oil in the sand in the Aucinity of the 
well, or occasionally cuts off the supply of oil to the AA^ell, as when flow 
occurs ^^by heads (see page 107). Back pressure applied to the well 
assists in holding the large gas accumulations in check and alloAA^s the 
oil to maintain a greater surface of contact Avith the Avails of the well; 
the fluid consequently contains a larger percentage of oil and a smaller 
percentage of gas than Avould be the case if the floAV were unrestricted. 
Even though the rate of production should be curtailed by back-pressuring 
wells, the ^Tost^^ production is only deferred and will CA^entually be pro- 
duced. Only in highly competitive areas, Avhere Av^ells are closely spaced 
and where neighboring producers will not agree to a uniform plan of 
pressure control, is there danger of an operator permanently losing some 
of his potential production by a reasonable degree of pressure control. 
Under unusual circumstances, wells appear to suffer from pressure regula- 
tion, even when drainage to neighboring properties is not a factor. It is 
reported, for example, that in certain areas in Rumania Avells do not, 

* Elias, G., and Others, Behavior of Restricted Wells, Jour. Inst. Petroleum 
Tech., vol 17, pp. 611-620, 1931. . 
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aff-cT a jieriod of restricted flow, return to what their normal rates of 
ihM'lino inrlicate tiiey should be able to produce, and the ultimate produc- 
i ton is appu.reii|-Iy diminished. The reason for this knot clear, but it has 
Ix'eii su,a:uvsfed that low-pressure ‘'thief sands/' to %vhich the oil and gas 
}ia\*e acanss through the wells, may permit underground drainage of oil or 
<lissi])iition of gas energy. Some wells in the same areas decline at their 
lioriiial rates during restriction, whereas others seem to experience little 
or no de(‘liiie. The latter condition, theoretically, should be charac- 
teristic of a slowly produced water-drive field. 

IVIethods of Controlling Pressures in Flowing Wells 

A variety of methods and types of equipment are available for con- 
trolling pressure conditions in flowing wells. These may be conveniently 
discussed in two groups: (1) surface methods and equipment and (2) 
devices that may be applied within the well. Of the surface methods of 
controlling well pressures, the most commonly used involves the use of 
a device variously referred to as a “choke," “bean," “flow plug" or 
“flow iii|jple." This is merely a constriction placed in the lead line, 
usually near the well-head. The control valve on the lead line may be 
used to intiM’pose restriction to flow if desired, but valves used in this 
way are sulijected to rapid wear, are not readily maintained or replaced 
and are otherwise poorly adapted to the purpose. Venting gas from the 
side outlets of tlie casing head is a convenient method of pressure regula- 
tion, but the gas so released does no useful work in lifting oil. Another 
fuelliod i)f surface pressure control is that of requiring the gas trap or 
scparjitor, t!i rough which the well flows its production, to discharge 
against an adjustable back pressure. Discharge valves on traps com- 
monly used for separating oil and gas are adjustable over a moderate 
j)ressure range and it is usual to maintain a certain amount of back pres- 
sure on Ihe trap, even though chokes are also used to take care of pri- 
mary |ir(‘ssure control. Pressure regulation may be accomplished by 
a gas-pressure regulator of the diaphragm type, commonly used in natural- 
gas disrrilmting lines, placed on the discharge line of the trap. Though 
trai)s desigiHsl to operate under pressures as high as 500 lb. are available, 
it is usual to employ chokes where high pressures must be contended 
with, whereas tlie gas separator affords a sufficient regulating device 
wlteii back pressure's of less than 50 lb, are desired. However, some 
engineers prefer to regulate low- as well as high-pressure wells by means 
of chokes. Minoi pressure adjustments may be effected by changes in 
the design of surface lead lines and well-head connections. In seeking 
minimum bar!k pressures on low-pressure .mmlls,. for example, the use of 

* 1‘EKN, L. (J., Methods of- 'Applying Back-pressure 'and' Effect on Recovery, 
Nuliof ml Petrolrum News, Mm, 2. 1927 i p. 14B,- . . 
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large-diameter lead lines with large-radius curved connections, instead 
of the usual pipe fittings, will often remove several pounds of back pressure 
" on the tubing head. Placing the trap as near the well head as feasible, 
and at no great elevation, also assists in reducing back pressure. 

Types op Subpage Chokes 

Different styles of chokes are available for applying back pressure at the well-head. 
To facilitate adjustment and replacement, chokes are usually placed in the outlets 
of crosses or tees as illustrated in Figs. 51 and 53. The chokes and supporting 
fittings are customarily a part of the Christmas-tree assembly and, on high-pressure 

Venfun-fube. ,Packingg/and 




(After A. J, Masoriy Calif. State Mining Bureau.) 
Fig. 61. — Types of beans used on high-pressure wells. 

wells, are provided one on each flow line, so that the flow may be changed from one 
outlet to another while repairs or replacements are in progress. Figure 61 presents 
sectional views of several different styles of beans that have found use in field practice. 
The style preferred by most producers is that typified by the Shaffer adjustable bean 
illustrated in Fig. 611. This takes the form of a needle valve, so constructed that 
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its slender eoiiieal needle, machined on the end of a square-threaded stem, can be 
advancetl thrfnjp;!! tlie supporting bib and gland to provide and maintain any desired 
c*lea ranee bcdwiani the needle and its seat. A lock nut on the threaded stem holds 
iho rjH'rlle firmly at the position desired, and a pointer on the stem indicates by 
reference to a grmluated scale attached to the body of the valve the size of aperture 
l(‘ft Ixuweeri the needle and its seat. Such a bean affords a high degree of accuracy 
in niT'v'^sun* control and facility in adjustment and is readily accessible foi replacement 
of parts su}>jccted to wear. 

Other more primitive but less expensive styles of beans, also illustrated in Fig. 61, 
make use of thick-walled removable steel nippies, bored longitudinally to provide the 
size of flow opeiiiiig desired, that are placed within or between suitable fittings in the 
flow lines. Figure 51 illustrates a type of bean that is designed to fit into a tapered or 
threaded support that is mounted in one outlet of a steel cross. To replace the bean, 
it is nei'essar}^ only to remove the bull plug in the opposite outlet of the cross and, 
through, the opening thus provided, lift out the bean or unscrew it wdth the aid of a 
special socket wrench. In this case, the bean is supported in a tapered cage, which 
extends tlirougli the cross and into the opposite plug. The cage screws into a heavy 
nipple at t’ne outlet of the cross and can readily be taken out with an ordinary wrench. 
Still anrdlau’ style of bean is illustrated in Fig. QIB and C. Here the flow nipple fits 
between tlsf^ parts of fittings on the flow line. The parts are connected by a union 
havirsg right- and left-hand threads in opposite ends so that turning the union draws 
Uk', two parts together, tlius gripping the flow nipple between them. 

Plow nipples are necessarily of heavy construction to wdthstand high-pressure 
t*on(hti(>n^ ami sarid scouring, which at times cuts them out rapidly. They are often 
inacle of a pu'ce of line shafting, 3 to 12 in, long, a longitudinal hole of appropriate 
ihamet(‘r brang bored tiirough its center. The diameter of the aperture through the 
nipjfle may range from to l lo hi. or more, depending upon the magnitude of back 
'pr(\ssure and rale of flow that it is desired to maintain. A pressure gage on the 
upstixairn sidf‘ of the nipple indicates the back pressure, which should be maintained 
as slcaidy as possible. Undue drop in pressure indicates that the opening through the 
bean luis !>t‘cume enlarged by sand scouring, usually necessitating replacement. 
Fluctuating pressure is generally indicative of a tendency to head, the remedy being 
suhstitiiti<»n of a bean of larger aperture. As changes in back pressure are required 
with re(im*tion iti formation pressure, the size of bean aperture is progressively 
increased by diameters of in. until the right pressure conditions are realized. 
Aifhougli det(‘rm illation of bean sizes for given flow conditions has usually been by 
cui.-and-try methods, some progress has been made in formulating the factors involved 
permit of their predetermination. As an outgrowth of engineering studies made in 
OIK' of th(‘ PiTsian fields, May and Laird have developed an equation for computing 
the maximum rate of flow through a bean under given conditions.^^ 

PresHiire-tajutroi methods and equipment used within the well include special 
types of adjustable and removable chokes that may be placed at any desired depth in 
the flow cfaumn, usually in the lower end, in which case it is called a bottom-hole” 
l>ean. ilie diameter of flow tubing employed and the depth in the well to which it 
extends also hav(‘ an important influence on pressure conditions within the well. 
A packer piacinl on the lower end of the tubing, designed to pack off the space between 
it and the well casing, is sometimes employed. One of the most useful devices for 
control of flowing well pressures is the gas lift, to be described in detail in Chap. III. 

Bottom-hole Chokes 

Wlien tlie choke is placed near the delivery end of the flow line, as when a surface 
bean is used, the oil and gas are necessarily delivered into the surface flow lines under 
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pressure determined by the back pressure maintained at the bean. Failure fully to 
expand the gas occasions a certain loss of energy that becomes a factor of considerable 
importance where high back pressures are maintained. More efficient recovery 
results when the gas pressure is completely spent as the fluids are discharged at the 
surface. Greater efficiency would apparently be achieved if the choke were placed 
ill the lower end of the tubing through which the oil flows to the surface, instead of in 
its upper end.* The same degree of back pressure may still be exerted against the 
productive formation, but, since the oil will be discharged on the surface at a pressure 
only slightly above atmospheric, the over-all efficiency of the system will be increased. 
Rapid expansion of the gas occurs immediately after the fluids pass the choke ; hence, 
bottom-hole beans may also be helpful in achieving higher velocities in the lower end 
of the flow column. Surging tendencies in wells deficient in gas may thus be corrected. 
It is possible to maintain flow with lower rates of production than when surface beans 
are used. This is sometimes of assistance in meeting proration requirements- Low- 
energy wells producing low-pressure gas or oil with a low gas-oil ratio may, by this 
means, continue to flow their production beyond the time when they would otherwise 
have to be mechanically pumped. By using bottom-hole beans, a lower back pressure 
may he held against the productive formation, thus stimulating the rate of production. 

Subsurface chokes are not necessarily placed in the bottom of the flow column. 
Where wells are capable of maintaining a high submergence and where proration 
requirements restrict the rate of production, the choke may be placed well up in the 
tubing. Usually it will be desirable, when bottom-hole chokes are used, to maintain 
a slight back pressure on the tubing head to reduce flow velocities and friction losses 
in the upper end of the tubing. Only a few pounds of surface back pressure are 
necessary for this purpose, and this may be applied either with a surface bean or at 
the trap. Experience has indicated that, for a given rate of flow, the size of the 
aperture in a bottom-hole bean should be considerably smaller than that of a surface 
bean. In mid-continent practice, f apertures in bottom-hole beans have ranged from 
%4 to ^% 4 : in. 

Three types of bottom-hole beans have found use in field practice. There is the 
fixed type, which is rigidly fixed in the flow column and can be adjusted or replaced 
only by withdrawing the tubing to which it is attached. This is troublesome and 
expensive, and in the case of high-pressure wells, difficult. This difficulty with the 
fixed type of bottom-hole bean has militated against its use, especially in wells pro- 
ducing sand with the oil, occasioning rapid wear and requiring frequent replacement 
of the choke. Adjustable bottom-hole beans are fixed in the sense that they cannot be 
removed from the well without withdrawing the tubing, but they have an advantage 
over the fixed type in that they can be adjusted and compensated for wear, usually by 
turning the tubing or manipulating rods at the surface. The third type, which has 
really made bottom-hole beaning of wells practical, is the replaceable type, which can 
be removed to the surface for inspection, adjustment or replacement and reinstalled 
at any desired depth in the flow column, without disturbing the flow tubing. 

The Otis Removable Bottom-hole Choke is typical of the replaceable class. This 
choke is mounted in a packer equipped with slips, so that it can be set in the flow 
tubing at any desired depth. It can be withdrawn and replaced with special ‘‘pulling” 
and “running-in” tools that are lowered on a light steel measuring line from the sur- 
face. Figure 62 presents a sectional view of the packer and choke as it would appear 

* Clark, W. A., Bottom-hole Beans — Theory, Methods and Effects of Their Use, 
“Petroleum Development and Technology, 1931,” pp. 206-”214, Am. Inst. Mining 
Met. Eng. 

t Ross, J. S., Recent Development and Use of Bottom-hole Choking, “Petroleum 
Development and Technology, 1932 ,” pp. 332-341, Am, Inst. Mining Met. Eng. 
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in poHilinii In, the flow column. It consists of a hollow mandrel, a set of slips, 
a packing ch*iiic*nt and the replaceable ^‘bean,” which fits loosely in a tapered recess 
in ilie bottom of the mandrel.’*^ The three slips slide on a tapered surface and have 
cxleiisioii htirs that extend upward through a shoulder on the mandrel and into sockets 
on a ctiilar is free to slide on the upper end of the mandrel. Thus, the slips and 
collar move as an integral part. The packing element, 
which fits snugly over the lower end of the mandrel, 
consists of three leather or composition cups of the 
type used on plunger pumps (see Chap. IV), separated 
by steel cup rings. The ^^bean,” which is about 3 in, 
long, is held in position in its tapered seat by a spring 
and is enclosed within a perforated nipple that screws 
over the end of the mandrel, compressing the cup rings. 
This arrangement permits fluid trapped above the bean 
to drain to bottom more rapidty, thus facilitating its 
withdrawal- The assembled device, suspended on the 
special running-in*' tool, is lowered on a Halliburton 
or other measuring line (see page 382 of voL I of this 
work), below a set of small Imks or tubular jars. It is 
set at the desired depth by rapidly reeling off the line, 
followed by a few upward strokes with the jars, thus 
driving the slips to a firm hold against the inner wall 
of the flow tubing. The line, jars and running-in tool 
may then be withdrawn, leaving the packer and choke 
in the tubing. Upward pressure of the well fluid tends 
to set the slips more securely and expands the packer 
against the tubing. The tool used in retrieving the 
device is a three-pronged grab that is screwed to the 
jars, the grip of the slips on the tubing being released by 
jarring downward. The time required to withdraw and 
replace the choke varies from 1 hr. to half a day or 
more. It may be run in or withdrawn from a high- 
pressure well with the aid of a lubricator (see page 437 of 
vol. I). In the handling of this type of bean, the 
principal difficulties result from paraffin accumulations 
and imperfections in the tubing. Sand in the well 
Fio. C>2.~Ofcis bottom-hoie fluid has not proved troublesome other than to ne- 
cessitate more frequent replacement of the choke. 

Press'ubb] Control op Wells by Variation in Length or Diameter 
OF THE Flow Tubing 



//. e, 


Oli.s, Am. Inst. 
Mining Met. Eng.) 


Flowing wells, in which the formation pressure is capable of sustaining 
a high fluid level, are often tubed to a point well above the top of the 
prodvictive formation. In operation, gas tends to accumulate in the 
ui)per part of tlie well in the annular space between the casing and tubing, 
and, unless vented at the casing hea^ builds up pressure until the fluid 
surface is depressed to the level of the open end of the flow tubing. There- 
after, gas escaping from this annular reservoir enters the flow tubing 
* Ross, J, S., see reference on previous page. ■ 
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carrying oil with it to the surface, thus causing the well to flow. With 
high flow velocities, every linear foot of tubing offers an appreciable 
resistance and the total resistance is directly proportional to the length 
of the flow column. The gas pressure necessary to cause flow thus 
increases with the depth to which the well is tubed. Lowering the tubing 
in the well increases the pressure necessary to offset frictional resistance, 
and this increase is brought to bear directly upon the productive forma- 
tion. Raising the tubing reduces the bottom-hole pressure. If condi- 
tions are favorable, the desired pressure conditions within the well may 
thus be maintained entirely by varying the flow-line resistance, and with- 
out any restrictions in the flow column. Control of bottom-hole pressure 
by varying the length of the flow tubing is more efficient than by surface 
beaning, since the gas is delivered at the surface fully expanded. 

The resistance offered to flow of fluids through a pipe increases as the 
cross section of the pipe is diminished. It follows that if we reduce 
the size of the flow tubing in a well, the pressure at the lower end of 
the tubing will increase. As has been shown in the preceding paragraph 
this pressure is applied direct^ to the producing formation at the wall 
of the well. In the same wny, increasing the diameter of the flow string 
will reduce the bottom-bole pressure. 

Although methods are available for changing the tubing in high-pres- 
sure flowing wells, the procedure is difficult and involves the use of 
special equipment unless they are temporarily killed (see page 141). 
In any case, there is a considerable loss of productive time that may be 
a consideration of importance, particularly under competitive conditions. 
Because of this, producers are generally reluctant to undertake the with- 
drawal of a column of tubing and insertion of another of different size, 
until the well ^^settles down’^ or until a change becomes imperative. 
Wells are generally allovv ed to continue production with the size of 
tubing originally installed, unless it appears likely that the well will cease 
flowing if a change is not made. Hence, it is highly important that 
tubing of appropriate diameter be installed wdien the well is first tubed. 

Lowering or raising the tubing by adding or removing sections at the 
casing head is a less difficult procedure and can be accomplished in a 
brief space of time without seriously interferring with the w^elLs produc- 
tivity. For most efficient recovery, the tubing should be hung with its 
lower end at whatever depth results in the low^est gas-oil ratio. 

If the annular space between the casing and tubing is entirely filled 
with gas, except for the comparatively small w^eight of the column of 
gas, it is clear that the casing pressure, indicated by a gage at the well- 

*** SwiGAET, T. E., Methods of Effecting Gas Conservation and Increased Efficiency 
in the Ventura Field, California, Am. Petroleum Inst., Prod. Eng. Bull. 202, pp. 52-85, 
September, 1928. 
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head, is an approximate measure of the pressure existing at the lower 
end of the flow column. Studies made of the performance of wells in 
the Long Beach and Dominguez fields of California, after they had been 
flowing for several months, indicated that greatest flow efficiency was 
secured by maintaining as high a casing-head pressure and as low a 
tubing-head pressure as satisfactory operating conditions permitted. 
This condition can scarcely be met by simply inserting a choke in the 
tubing at the well-head, for in this case the tubing-head pressure would 
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Fio. 63.™”-Graphs showing effect of lowering tubing on production and well-pressure con- 
ditions for a wx‘ll in the Long Beach field, California. 


be high. In the investigation cited above, it was found that it could 
best, be achieverl Ijy lowering the tubing, previously hung high, to a 
point lunir bottom. In several instances, remarkable increases in the 
rate of oil production and reduction in gas-oil ratio resulted.* The 
graphs reproduced in Fig. 63 give the data for a typical case. 


Regulation of Well Pebssures bt Control of Gas Flow through 
Annuia.r Space between Casing and Tubing 

Where there is surplus gas energy beyond what is needed to lift the 
oil and it is desired to reduce flow velocities through the tubing, it is 
possible to do so and incidentally, also, to control gas-oil ratios and 
bottom-hole pre.ssures, to some extent, by releasing gas from the side 
outlets of the casing head. Gas produced thus has two outlets from the 
well, one through the tubing with the oil and the other through the 

,, . L. E., Isotes OB Efficiency of Flowing Wells in the Dominguez Field, 

California, Summary of Operations, California Oil Fields, Rept. California State Oil 
and Gas Supervisor, vol. 10, No. 7, January, 1925. 
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annular space between the tubing and the casing. This method of 
pressure control^ however, is inefficient, since the gas withdrawn from 
the casing head does no useful work in lifting oil. Often, if sufficient gas 
is allowed to escape from the side outlets of the casing head, oil will 
flow to the surface through the annular space about the tubing. Occa- 
sionally it will be found that more satisfactory flow conditions are obtained 
by permitting the oil to fimv through the annular space in this way than 
through the tubing, though the turbulence induced by oil flowing around 
the tubing collars would seem to be a disadvantage from the stand- 
point of energy consumption. 

At times when it “is desirable to confine all flow to the tubing and 
divorce the action of the flow column from the effects of the large body 
of free gas having immediate access to it, stored in the annular space 
between the casing and tubing, a packer may be placed on the lower end 
of the tubing, closing off the space between it and the casing. As 
previously noted, a packer in this position, in some instances, has been 
found to reduce surging and pressure fluctuation. 

Influence of Pressuee Control on Gas-oil Ratios 

Since the ratio of gas to oil in the production of a well is commonly 
regarded as a measure of production efficiency, this criterion is closely 
observed in the pressure control of flowing wells. The particular pressure 
conditions that result in a minimum gas-oil ratio are considered to be 
most efficient from the standpoint of ultimate recovery. Beliefs, often 
conflicting, prevalent among producers, relative to the effects of back 
pressure on the gas-oil ratio are usually based on a limited experience with 
particular w^ells wffiere a certain set of conditions determine the result. 
We should remember that many different variables influence the gas- 
oil ratio, some of which can be measured only approximately and often 
with great difficulty (see page 69). Stratigraphic, lithologic and geologic 
conditions within the reservoir rock have a controlling influence. Prop- 
erties of the reservoir fluids, such as viscosity, surface tension and density 
of the oil and the effects of pressure and gas solubility on these properties, 
doubtless have their effect. Condensation and vaporization effects on 
the more volatile hydrocarbons, with variation in pressure, have an 
important influence on gas-oil ratios and are difficult to predict, Slip- 
page'^ of gas through the oil, as the two fluids move through the reservoir 
rock, is probably as important a factor as gas slippage in the flow column 
within the W’ell. As in the flow" column, reservoir slippage is doubtless 
influenced b}^ the rate of flow of the fluids and the ratio of gas to oil, 
both of which are functions of the differential pressure existing between 
the reservoir and the well. It will be seen that we are dealing with a 
veiy complex system, realization of the intricacy of wdiich leads us to 
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wonder whetlier any general rules can be laid down to govern the influence 
of pressure control on the gas-oil ratio. 

Altiunigli it is difficult to generalize on a matter in which so many 
variables are involved, certain principles seem to be well established in 
some fields. In the Ventura field of California, for example, an engineer- 
ing irivestigatioii disclosed the fact that when back pressure resulted in 
an increase in oil production, the gas-oil ratio declined; and conversely, 
when the oil production diminished through application of back pressure, 
the gas-oil ratio increased. As long as the rate of oil production remained 
constant, so also did the gas-oil ratio. Again, in certain of the mid- 
continent fields, it has been observed that the ratio diminishes in straight- 
line relationship with increase in the rate of oil production and that it 
increases at a rate inversely pjroportional to the rate of decline in oil 
production. In the Siigaiiaiid and Yates fields in Texas, increased 
back pressure and lower production rates ivneld lower gas-oil ratios up to 
a certain back pressure, but above this point the gas-oil ratio remains 
almost constant. The ratio increases with increased production. Often 
both lli(‘ rates of gas and oil production are diminished as a result of 
a.|)plication of back pressure, but not necessarily to the same degree. 
Usiuilly as the back pressure is increased, the rate of decline in oil pro- 
duction is greater than the rate of decline in gas production; hence, the 
gas-oil ratio increases. Shaw-*' states that, normally, decreasing gas-oil 
ratio is t-o be expected with decreasing back pressure. Experience has 
shown tliat for many wells in which gas pressure is the controlling expul- 
sive force there is a certain back pressure that will yield a minimum 
gas-oil ratio. Increasing 'back pressure above this point, or reducing it 
below, will result in progressively larger ratios (see page 89). For a 
given rate of oil production, however, there is only one possible gas-oil 
ratio and nothing that may be done in the well or at the surface will alter 
it. At any stage in the life of a well, there is a definite rate of gas pro- 
duction corresponding to each possible rate of oil production and the 
rate of production determines the gas-oil ratio. 

Where edge-water pressure is the primary expulsive force, the gas- 
oil ratio remains constant as long as the bottom hole pressure is in excess 
of the saturation pressure. When it falls below, the gas-oil ratio tends 
to increase. In the East Texas field, where this condition holds, it has 
I)e(/n found that the gas-oil ratio remains constant over a wide range of 
baf.‘k pr(\ssureH. Wells producing in the vicinity of edge-water lines and 
in areas where water incursion is imminent frequently produce with 
lower than normal gas-oil ratios. 

A (dual gas-oil ratios in the operation of flowing wells vary over a 
wide range. Values as low as 160 cu. ft. per barrel and as high as 31,000 
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are known to the author. In the Gulf Coast region of the United States, 
ratios of 300 to 400 cii. ft. per barrel are common; in the mid-continent 
fields of Oklahoma and Texas, the ratio is 1,000 to 3,000, or 200 to 500 
times as much gas as oil by volume. In the deep-flowing wells of the 
Kettleman Hills field in California, which produce under formation pres- 
sures of upwards of 2,000 lb. per square inch, initial gas-oil ratios of the 
early wells ranged from as little as 385 cu. ft. per barrel in down-dip 
locations to as much as 31,000 cu. ft. on the structural crest. Omitting 
wells cased to produce largely from an upper gas horizon, the average 
was about 1,170 cu. ft. per barrel. All were operated under high back 
pressure. In the Ventura field of California, another field in which wells 
produce from great depths, early ratios ranged from 1,800 cu. ft. per 
barrel to 13,000 cu. ft. The field ratio increased from 1,200 to 4,000 
cu. ft. per barrel during the first 43-^ years of productive life. Crestal 
wells had ratios materially greater than wells near the edge of the pool, 
and were shut in as a measure of gas conservation. 

Figure 49 presents a series of graphs showing, for an individual well, 
the influence of rate of oil production on the gas-oil ratio. It will be 
observed that, in this case, the gas-oil ratio reaches a well-defined mini- 
mum value when the rate of oil production is about 15 bbl. per hour and 
that it increases from this minimum for both larger and smaller produc- 
tion rates. Being controlled by many variables, the critical back pressure 
varies for each well. The back pressure for an individual well yielding 
the lowest practicable gas-oil ratio does not remain constant but dimin- 
ishes as the formation pressure declines. 

Under competitive conditions, or in times of high oil prices, operators 
must choose between the increased ultimate recovery obtainable by 
restricted production, with minimum gas-oil ratios, and the greater 
immediate oil recovery that may be had by use of minimum back pressure 
and higher gas-oil ratios. The present value of a greater gross recovery, 
obtainable by application of back pressure and restricting the rate of 
current production, must thus be balanced against the present value 
of a greater immediate but smaller ultimate production obtainable in a 
shorter period of time. The factors involved in estimating the economic 
life of oil-producing properties have been discussed in pages 93 to 96 
of voL I of this work. In some cases, we must apparently distinguish 
between the most efficient and most economic back pressures and gas- 
oil ratios. Where wells are operated under proration restrictions and 
the allowable rate of production is but a small proportion of the potential, 
it will sometimes happen that the restricted rate imposed results in a 
higher gas-oil ratio than might be realized if a larger rate of production 
were permitted^ 
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TUBING OF FLOWING WELLS 

■l\i rpalizp maximum efficiency in the utilization of reservoir energy, 
flowing wells should be tubed early. In some fields, it has been customary 
to iiliow wt'Ils to flow their production through the casing as long as 
they ttoiiM do so and then insert tubing. Investigations have shown, 
howfwer, that flow' directly through the casing, without tubing, is ineffi- 
cient, and, in modern practice, tubing is inserted at the earliest possible 
time. In comparison with flow through casing, tubed wells have a lower 
maximum rate of production; but they decline more slowly and have a 
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Fig. 1)4/ - (Iraphs contra, sting gas-oil ratios of tubed and untubed wells producing from the 

Buckbee Zone, Santa Fe Springs field, California. 

flowing life and a liigber cumulative flowing production with 
lower gas-oil ratio. A lower initial rate of production is often 

an u( haul age rather than otherwise, since the oil may be stored and 
trajis|)urt(Hl with less capital outlay in tankage and pipe lines. This 
initial pc'ak ol production in highly prolific fields is thus reduced so that 
roarkets are l<tss likely to be oversupplied. 

Tiieiv are many instances on record in w-hich the early tubing of wells 
has appanaitly been advantageous. For example, in the Yates field of 
Texas, installation of tubing has reduced gas-oil ratios from 3,000 to as 
little as 400 cji. it. per barrel. For a time, 4 vells producing with ratios 
in ex(*ess o{ 400 have, by agreement among the operators, been tubed. 
Insertion oi tubing in fiowdng wells is compulsory in some jurisdictions. 
An engiiuHuing study ol two groups of w^ells producing simultaneously 
and und(u' otherwise comparable conditions in the Santa Fe Springs 
field of Calibiniia, in one of which the Avells were tubed and in the other 
imtiilied, showed that the average initial gas-oil ratio of the tubed wells 
was 1,000 cu. ft. per barrel, whereas that of the untiibed wells averaged 
1,450 ciL ft. per barrel. After 110 days, the ratios had increased tq 
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3,600 and 5,100 cu. ft. per barrel, respectively. Though the wells pro- 
ducing without tubing had an average initial production of only 4,670 bbl. 
per day and those producing through tubing only 3,300 bbl. per day, 
both groups had the same average daily rate of production, 1,600 bbl, 
after 40 days. The untubed wells had a total average cumulative flowing 
production of 178,000 bbl., whereas that of the tubed wells was 230,000 
bbl.^^ Figure 64 presents a graphic representation of the results of this 
investigation. 

It is important that the right size of tubing be installed and that it 
be placed as deep in the well as possible, dead space in the bottom of the 



Fig. 65. — Illustrating relationship existing between diameter of the eduction tube, oil 
production and bottom-hole pressure in a flowing well. 

hole where sediment and water may accumulate being avoided. For 
reasons of economy, the original string of tubing is often continued in 
use as long as possible. However, as the well ages and formation pres- 
sures and the rate of production decline, it is necessary to install pro- 
gressively smaller sizes of tubing if natural flow is to be maintained (see 
Fig. 65). With proper tubing design, many wells can be kept flowing 
throughout the greater part of their productive lives, productions as 
low as 5 bbl. of oil per day being successfully flowed with small-diameter 
tubing. Tubing as small as % in. has been used in some mid-eon tinent 
wells. 


Design of Tubing Installations 

For efficiency and economy in the operation of flowing wells, it is 
important that they be equipped with flow tubing of suitable diameter 
and length. As explained in an earlier section however, the diameter 
and length of the tubing are but two of several different factors that 
determine flow resistance. The gas-oil ratio, submergence, properties 
of the oil and gas and characteristics of flow are also important in deter- 
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milling pressure drop between the bottom oi the tubing and the well- 
li(‘a(l. The rate of flow, as influenced by the size of tubing, pressure 
conditions and volume of oil and gas, is the controlling factor in deter- 
in,iiiing flow resistance. 

The diameter of the tubing should be such that the fluid will have an 
appropriate ascending velocity when it enters the lower end of the flow 
column. Ill the East Texas field, for example, it is found that the entrance 
velocity must be more than 0.3 ft. per second if the fluids exist as a foam, 
wdiereas velocities of 10 ft. per second are necessary in the mist condition. 22 
Lower velocities peimiit excessive slippage. In other fields, entrance 
velocities are found to range from 1 to 30 ft. per second for eflBicient flow, 
depending on conditions. 

In general, the ideal flow string is one that so balances the friction 
losses and slippage losses as to achieve minimum pressure drop. The 
total pressure drop is, for all practical purposes, the sum of the hydro- 
static head and the pipe friction. The hydrostatic head of the fluid is a 
function of the length of the column, the density of the liquid and the 
fraction of the pipe occupied by liquid or foam. Several research proj- 
ects have had for their objective the assembling of data that would 
provide a basis for computing the friction loss in flow of oil-gas mixtures 
through vertical pipes. 2 '*^ The problem, howmver, is complex because 
of the many different variables involved, and there is difficulty in develop- 
ing an all-inclusive formula. Over the range of velocities in which fric- 
tion is appreciable, it seems probable that the Fanning formula (see 
Chap. X) is a satisfactory one to employ if appropriate values for the 
friction coefficient and viscosity factor are used.^^ns extent to which 
s!i|)|)age influences the density of the fluid, the hydrostatic head opposing 
flow and the average flow velocity are always confusing factors that 
iirnke precise eomputations of frictional resistance difficult. 

In designing flow^ strings for ixewr w^elis, some engineers employ charts 
and formulas based on empirical data secured in observations of per- 
formance of previous tubing installations in flowing wells. Such aids, 
however, are appropriate for use only under conditions comparable 
with tJiose existing in the wmlls wffiere the data wmre gathered. Tubing- 
design charts and formuias based on experience in a mid-continent field 
producing high-gravity low- viscosity oil from thin shallow sands are 
not necessarily applicable to wmils in other fields producing heavy viscous 
oils from thick producing zones at great depth. 

Although important progress has been made in the development of 
fomiiikis and graphic data for predetermining the size of tubing in weils^' 

Hawkins, R. R., and Cablisle, C., C., Plowing Wells with Small Tubing, 
Development and Technology, 1932,^' pp. 306-314, Am. Inst. Mining 

Met. Eng. 
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to accomplish desired results under prescribed conditions, most engineers 
and producers still prefer to determine the tubing dimensions by empirical 
or ^^cut-and-try’^ methods. Based on an. extended mid-continent experi- 
ence, McWilliams^^ recommends that the volumes of gas specified in 
Table IX be not exceeded for the several diameters of tubing indicated. 
Practice in this respect, however, is by no means uniform. Some engi- 
neers prefer low gas-oil ratios at low rates of flow, which can be best 
produced by the selection of suitable proportions for the flow column. 


Table IX. — Recommended. Maximum Rates op Flow fob Different Tubing 

Sizes* 


Volume of Gas, 

M Cn. Ft. per Day 
at 15 Lb. per Sq. In. 


Diameter of Tubing, In. Abs. 

2 330 

2H 564 

3 992 

4 2,040 

QH 5,957 

SH 12,917 


* After J. R. McWilliams. It is assumed that the gas-oil ratio will exceed 1,000 
cu. ft- per barrel. 


After a tubing installation has been made in a flowing well, control 
tests are usually made to determine the suitability of the flow string and 
to ascertain the most desirable pressure adjustments. With an adjust- 
able choke on the lead line near the tubing head, the back pressure on 
the well is varied from time to time, the volumes of gas and oil are 
accurately measured and the gas-oil ratios corresponding to different 
back pressures are computed. If pressure adjustments are made in 
small increments, a back pressure is found at which a desirable rate of 
oil production will be maintained with satisfactory gas-oil ratio. The 
oil and gas production data and gas-oil ratios can be advantageously 
plotted on a single chart, so that the three graphs thus determined may 
be closely studied (see Fig. 70). Often a critical back pressure will be 
disclosed at which the gas-oil ratio is a minimum and, if the rate of oil 
production corresponding to this ratio is not too low, it will be the desir- 
able rate of production to maintain. Proration restrictions will fre- 
quently determine the maximum rate of oil production, though the 
operator should always strive to maintain the lowest gas-oil ratio feasible 
within this limitation. In determining well potentials for proration 
purposes where the allowable productions are based on open-flow capaci- 
ties, wells may be allowed to flow simultaneously through the tubing and 
through the annular space between the casing and the tubing. A less 
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wasiefiil method is that of estimating open-flow capacities from bottom- 
hoh‘ |irpssiire nieasiirements as explained on page 84. 

''Tapered'' Tubing 

Theoretically, it shoiiid be advantageous gradually to increase the 
diameter of the flow string from its lower to its upper end. If the size 
of the flow string is increased in the same ratio as the volume of the fluids 
increases, the ascending velocity may be maintained practically constant. 
At any rate, excessively high velocities in the upper part of the flow 
column and the high frictional resistance characteristic of ordinary 
flow strings in that region may by this means be avoided. Over-all flow 
efficiency is thus increased, for less energy is consumed in overcoming 
flow resistance. Under the influence of a given differential pressure 
between the formation and the well head, more oil is produced and gas- 
oil ratios are reduced through the use of tapered tubing in comparison 
with results secured under comparable conditions with a flow string of 
constant diameter.’^ Where it is desired to lift the maximum amount of 
oil will] minimum energy consumption, tapered tubing may increase lift 
efficiency hy as iiiucli as 25 per cent. Use of tapered tubing apparently 
also im*rf‘ases the flowing life of a well beyond what would be possible 
with a flow column of constant diameter. Considerable success has 
been had in maintaining flow in small wells by insertion of tapered-flow 
colli 10 ris wlien the w'ells would otherwise have to be pumped. Daily rates 
of production as low as 10 bbl. are being successfully handled by flow 
rnetliods in some mid-continent fields. 

It is impractical to construct and install a column of flow tubing that 
is nctmilly tapered in form. The so-called "tapered strings" that are 
oecaisionally used in free-flowing and gas-lift wmlls are made up of several 
diffen‘ut sections of cylindrical pipe, usually coupled with bell nipples. 
It is :ip])arent tliat in such a flow^ string there -would be occasional abrupt 
changes in flow velocity, probably producing local turbulence, and that 
the advantages theoretically possible with tapered tubing are never fully 
realized. Some engineers, though agreeing that tapered tubing should 
be tht‘on‘iiec[ly more efficient, yet find in practice that the increased 
idflcitmcy is slight and scarcely sufficient to offset the intrinsic disadvan- 
tage's oi a flow string of variable diameter. Certainly there is no advan- 
tagi‘ in using tapered tubing in high-pressure w^ells operating under high 
bacR prcssur(‘. It is, of course, impossible to operate a swab in a tapered 
flow string. 

♦Albertson, M.'., Review of Tubing Practice, Am. Petroleum Inst., Prod, Eng, 
Bull, 208, pp. I73--174, December, 1931. 
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Inserting Tubing in High-pressure Flowing Wells 

One of the difficulties in the way of equipping high-pressure wells to 
produce through auxiliary tubing, and of changing tubing installations 
from time to time as pressure conditions may require, is that of shutting 
in flow and preventing waste of oil and gas as the tubing is being installed 
or changed. Unless facilities for “snubbing in^' the tubing through 
special packers or lubricators are provided, the well must be temporarily 
“ killed by filling it with heavy mud when tubing changes are made. 
Operators are generally loath to do this unless it seems absolutely neces- 
sary, as subsequent cleaning-out of the mud is troublesome and costly 
and the wells sometimes fail to regain their former productivity. 

The Otis system and apparatus for tubing high-pressure wells without tem- 
poraril}^ ‘Udlling” them has found use in many high-pressure fields. Skilled workers 
with this equipment are able to plug the lower end of a string of tubing in a high- 
pressure flowing well, snub it out of the hole and then force a new coliimii of pipe into 
the well against the pressure, without danger of the well getting out of control, and 
without waste of oil and gas. For w'ell-head pressures up to about 300 lb., a special 
control head is used wliich provides a gas-tight rubber-ring seal about the tubing. As 
the tubing is forced up or down through the control head, the mbber ring — which is 
compressed against the tubing by the well pressure — expands when necessary to permit 
of passage of the tubing couplings. In some control heads, suitable for somewhat 
higher pressure conditions, two rubber rings spaced some distance apart are provided, 
thus affording double security against leakage of oil and gas. Anotlicr type of control 
head used for higher pressures is built in the form of a “lubricator” with a hydraulic 
ram at each end, the rams being so constructed as to completely encircle the tubing 
and being faced with hydraulic or composition packing. These rams are manually 
compressed about the tubing by various screw mechanisms and are tliuB made to grip 
the pipe as firmly as the well pressure may require. When necessary to pass a 
coupling through the lubricator, only one ram at a time is opened. Forcing tubing 
into the well against high pressures requires the use of rapid and safe snubbing equip- 
ment until the tubing reaches a sufficient depth to offset, by its own weight, the lifting 
effect of the well pressure. 

The Otis equipment makes use of two snubbers, one traveling and the other sta- 
tionary (see Fig. 66). The function of the traveling snubber is to force the pipe into 
the well against the pressure, whereas the stationary snubber prevents it from being 
lifted out of the hole by the gas pressure while the traveling snubbers are being raised 
for a new hold. The stationary snubber is bolted directly to the casing. The 
traveling snubber is equipped with two pivoted “dogs.” A cable passes from the 
lever end of one of these dogs down to a sheave pivoted in one end of a pair of casing 
clamps fastened immediately below the stationar 3 ^ snubber, thence up through a 
tubing block or the center sheave of a traveling block, back down through a sheave 
in the other end of the casing clamp and up to the lower end of the other dog. Upward 
movement of the tubing block or traveling block results in a downward movement of 
the traveling snubbers, forcing the tubing down with them. The stationary simbbers 
permit free downward movement of the tubing. When the traveling snubbers have 
been pulled down to the level of the stationary snubbers, they are raised for a new 
grip by lowering the traveling block. During this movement, the stationary snubber 
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prf'veiiis the pipe already in, the hole from being forced out again. After sufficient 
pipe has !»(^en snubbed in to cause it to fall of its own weight, the snubbing equipment 
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pressure of the gas and the snubbing equipment may be removed.^® A device for 
closing the lower end of the tubing has also been developed for use with the Otis 
snubbing equipment. This is readily released after the tubing is in place. About 
12 hr. is required after setting up the equipment to 
run a 2,000-ft. string of tubing against 1,000 lb. 

pressure, whereas a 5,000-ft. string can be lowered in " \ 

25 hr. 

Instead of the Otis equipment, utilizing wire- j ^ 

line snubbing gear, Cameron or Shaffer blow-out | ~r^ I 

preventers or Regan rubber-fitted packing heads may ’ ^ Tm: r j|]j 

be conveniently used in conjunction with hydraulic | I ^ 

snubbers in forcing tubing into wells against | 
pressure. The Regan hydraulic snubbing gear, ^ j 
illustrated in Fig. 67, is well adapted to the purpose. 

The Rasmussen Head, used in conjunction Yvdth | : 

two powerful gas-operated jacks, such as are illus- 1 = 

trated in Fig. 67, marketed under the name of the ; 

Regan-Trout-Rasmussen High-pressure Gas Con- [ > ; 

troller, is widely employed in western American oil i S 

fields for installing tubing in high-pressure wells. J 

The device consists essentially of three heavy rubber | ^ 

packing rings through which the tubing passes and [ j ; 

against v/hich the well pressure is applied. Pressure | ' 

of the rubber rings against the tubing prevents leak- > r-torW 

age of gas between them (see Fig. 68). To permit j ; 

passage of the tubing collars, valves are provided [ ; 

that allow the gas pressure bearing against each I 

rubber ring to be released. At the top of the device ^ 

is a lubricating basin filled with soap solution to J , ^=4| 

reduce the friction between the pipe and the rubber 1! | 

rings. A pair of gas-operated jacks, with pistons 4 

ft. long and a sleeve equipped with slips to grip the £^13 

tubing above the head, may be used to force the ^courtesy of Regan Forge & 
tubing into the well against high gas pressure. Eng. Co.) 

In snubbing tubing with this apparatus, the con- Fig. 67.— Regan hydraulic 

troller head is fitted to the casing head and gas pres- snubbing equipment and blow- 
... - , 1 • J .1 out preventer I or inserting tubing 

sure IS applied through the valve controls into the high-pressure wells. 

spaces around and behind the rubber rings. A 

baffle plate is set in the bottom of the first joint of tubing, and this is introduced 
through the soap solution in the lubrication basin. The jacks are then extended, 
slips adjusted to grip the tubing and the gas pressure applied to the pistons, 
forcing the tubing through the mbber rings and into the well. Slips in the 
control head prevent the tubing from being forced upward by the well pressure while 
the jack is being extended for another hold on the tubing. As the first collar reaches 
the first rubber ring, the gas pressure on that ring is relieved and the collar forced 
through, the other two rings preventing escape of gas from the well. TOien the 
collar is past the first ring, pressure is again applied to it and the pressure on the 
second ring is released, allowing the collar to pass through it. For low- or moderate- 
pressure conditions, only two rings need be used. For very high pressures, more than 
three rings may be necessary. Ten to twenty joints of tubing are required, depending 
upon the well pressure, before the weight of the tubing in the hole is sufficient to 
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|)eniiit tlic coliinin to bo lowered without the aid of jacks. When the tubing has been 
lowered to the desired depth and surface connections are made, a go-devil dropped 
from the surface knocks the baffle plate out of the bottom, so that the well may flow 

through the tubing. 

Tubing Catchers. — A device called a ^ Cub- 
ing catcher” is often attached to the column 
of tubing, preferably near its lower end, to pre- 
vent the tubing from falling in the event that 
the surface supports should fail, or that the 
column should part in the well. Tubing catch- 
ers are equipped with slips that, when released, 
grip the inside surface of the surrounding casing 
so that the tubing may not move farther down 
the hole (see Fig. 69). A column of tubing 
allowed to fall to bottom may occasion a 
difiicult fishing job and necessitate replacement 
of it with an entire new string. 


RECORDS RELATING TO FLOWING 
WELLS 


To provide a basis for intelligent 
control of flowing wells, a variety of 
different records should be maintained. 
The casing-head pressure and tubing- 
head pressure are continuously recorded 
on hourly charts by recording pressure 
gages. A two-pen gage recording both 
tubing- and casing-head pressures on one 
chart is convenient. Variations in these 
pressures and the differential existing 
between them will disclose heading tend- 
encies and may be correlated with many 
irregularities in the rate of oil production 
and gas-oil ratio. The size of choke 
employed, and any changes in choke size 
that may be necessary from time to time, 


1 : must also be recorded in order that this 

(Courtesy of Regan Forge & Eng. Co,) important factor may be duly correlated 

pressure records. 

higii-preasure %veiis. The Volume of Oil production is deter- 

mined by careful measurement in gage 
tanks or by passing the oil through some type of dependable liquid meter. 
Ihe oil production must be determined at regular time intervals, prefer- 
ably daily, in order that the rate of production may be correlated with the 
pressure ami other records. The daily volume of gas production should 
also be accurately measured for each well, preferably by passing all free gas 



FLOWING WELLS AND THEIR CONTROL 


145 



discharged from the traps and side outlets of the casing heads through 
orifice meters. The record charts from these meters, by means of which 
the gas volumes passing are computed, are gathered at regular time inter- 
vals so that daily gas-production rates may be determined. From the 
daily volumes of oil and gas produced, the corresponding gas-oil ratios 


{Courtesy of the Guiberson Corp.) 

A B 

Fig. 69. — Tubing catcher. (A) Weil is pumping — catcher hangs free. (B) Tubing 

drops — catcher grips. 


are computed and recorded. The records of oil and gas volumes, gas-oil 
ratios, size of choke and pressure conditions are conveniently kept in 
graphic form as indicated in Fig. 70. Correlation of the several primary 
records is easily possible by this means. 

In addition to the continuous records specified in the foregoing para- 
graph, a number of additional factors are occasionally studied, leading to 





Fig. 70. — Graphic production record of a flowing well. 
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further records that are of value for certain purposes. Temperatures of 
the flowing oil and gas are sometimes a matter of interest. They may be 
determined at the surface by a thermometer mounted in a thermometer 
well in the tubing head. The thermometer is packed in rock wool in a 
special nipple that is in direct contact with the flowing oil ' and gas. 
Depth temperatures, which are often a matter of interest, may be deter- 
mined by lowering a maximum indicating thermometer to the desired 
depth and then withdrawing it for observation. By lowering the ther- 
mometer to different depths in successive runs, a graphic temperature 
profile may be constructed and the average temperature gradient com- 
puted. Electrical devices for indicating subsurface temperatures, such 
as sensitive thermocouples, may also be employed, and a continuous 
depth-temperature record secured from a potentiometer on the surface 
by merely lowering or raising the device through the well on a two-wire 
electrical conductor cable. 

Where wells are prorated on the basis of open-flow capacity, it is 
occasionally necessary to conduct open-flow tests in which are determined 
the maximum rates of oil and gas production of which the well is capable 
at minimum back pressure. The same facilities provided at the well for 
routine daily gaging will usually be adequate to meet the requirements of 
this test. Depth pressures are often a matter of interest, and special 
devices (described in the next section) are available for securing records 
of pressures at any desired depth in the well. Bottom-hole pressures, 
obtained in this way, find a variety of engineering applications and are 
frequently determined and made a matter of record, particularly in 
flush fields in process of development. 

Sampling of the products of the well is frequently also a matter of 
daily routine. Lead-line, flow-tank or gage-tank samples are taken of 
the oil to determine its gravity and ^^cut^’ or percentage of impurity 
(water and sediment) present. Samples of the gas may be occasionally 
taken for test purposes, or measured volumes may be run through test 
appliances to determine gasoline content. Depth samples are also a 
matter of interest at times, and, for this purpose, special sampling devices 
are employed that may be lowered to any desired point and a sample of 
the well fluid imprisoned, later to be removed to the surface for inspec- 
tion or test. Such samples are of value in determining the gas saturation 
of the oil at different depths and the properties of the gas-saturated oil 
as it exists under elevated-pressure conditions. 

SuBSiJKFACE Pressures in Wells, Their Measurement 
AND Applications 

In many subsurface engineering studies, it is desirable to know the 
pressure existing in the well at depth, particularly in the bottom of the 
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hole or within the oil-producing formation.* For this purpose, there are 
available several different types of pressure-indicating and -recording 
devices, designed to be lowered to the particular depth in the well at 
which we wish to determine the pressure. Some 
of these are self-contained, so that the result of a 
test is known only after the device is again with- 
drawn to the surface and the record made by the 
instrument is examined. In other cases, the pres- 
sure is indicated on an instrument at the surface. 
Some produce a continuous record of the pressure 
encountered throughout the well to whatever 
depth they are lowered; others produce pressure 
records merely at such times or depths as may 
be desired. Some more primitive types are cap- 
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al)le of indicating only the maximum pressure to which they have been 

subjected. 


Depth-pressxjee Indicating and Recording Instruments 

Prfjliahly tiie simplest type of depth-pressure indicating instrument consists of a 
tdosiMl at the upper end and equipped at its lower end with an upward-opening 
clu'ck valve, t Upon lowering the instrument to the required depth, the sample of 
well fluid that has entered through the check valve exists at the pressure and temper- 
ature prevailing at that depth. The instrument is then withdrawn with the 

* Millikan, C. V., and Sidwell, C. V., Bottom-hole Pressures in Oil Wells, 
^Tetroleum Development and Technology, 1931, pp. 194-205, Am. Inst. Mining 

Met. Eng. 

t Ilxline, P. G,, a Precision Gage for Sub-surface Pressure Instruments, ** Drilling 
and Production Practice, 1936,” pp. 116-125, Am. Petroleum Inst. 
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imprisoned sample, the check valve preventing escape of oil or gas or release of pres- 
sure. On reaching the surface, a pressure gage is attached to a connection provided 
on the check valve, the valve is opened and the pressure existing within the instrument 
is indicated directly on the gage. This instrument is inaccurate unless suitable 
temperature corrections are applied. Serious error may also arise as a result of 
condensation of vapors and changing solubility of the gas in the oil due to temperature 
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change, but most of these errors are avoided if the instrument and its contents are 
heated in a water bath to the temperature at which the sample was taken before the 
reading on the pressure gage is taken. 

Technologists in the employ of the Amerada Petroleum Corporation have devel- 
oped the depth-pressure recording instrument illustrated in Fig. 71. The iiistrimient 
comprises three principal parts: a coiled-tube pressure element A, a chart carrier B 
and a clock mechanism C. The lower end of the helical pressure tube is open to the 
well pressure. The upper end is sealed and attached to an arm that carries a stylus. 
The latter moves upward as the increasing pressure extends the coiled tube, the 
stylus recording its movement on a metallic-faced paper chart. The chart is mounted 
on a drum that is drawn downward by a screw connecting with the clock mechanism. 
All the parts are built into a metallic frame that fits in a steel case 41 in. long and 2 in. 
in outside diameter. The complete instrument weighs only 25 lb. and is usually run 
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on a .4eel nwasnring line. Figure 72 presents a typical depth-pressure record secured 

witJi thin inHtriimeiit. 

Aiiotlier style of depth-pressure recording instrument, illustrated in Fig. 73, was 
devcilopef! by engineers in the employ of the Humble Oil and Refining Co. and the 
Slandiird Oil Co, of California. In this instrument, the well pressure is brought to 
Ijear on a piston A, which is thereby caused to move through a pressure-tight stuffing- 
box B against the pressure of a spring C. A st3dus D, attached to the lower end of 
the piston, records its vertical movement on a chart mounted on the inner surface of a 
dnini E. Below the drum and attached to it by a vertical shaft is a drum-turning 
mechaoism F. After a record has been secured, a jerk on the wire line supporting 
the instrument trips the driun-turning mechanism, causing it to rotate the drum 
sliglitly and placing the stylus in a new position on the chart. By repeating this 
operation, a number of different pressure records may be obtained at any desired 
depths. Expansion of the working parts of the mechanism requires application of a 
temperatiire correction to the indicated pressures, and to determine this a maximum 
thermometer is placed in a special thermometer well in a lead jacket in the lower part 
of the instrument. The case in which the instrument is housed is about 5 ft. long and 
ma}" be as small as in. in diameter.' 

Eiigineers of tlie Standard Oil Co. of California have also developed a novel depth- 
pressure n.M:?ording instrument of continuous type, in which a ‘Hhermal motor is 
used to rot ate the record drum. This instrument is otherwise much like that described 
in t.lie foregoing paragraph. The well pressure acts on a piston A (see Fig. 74), 
upward movement of which is resisted hy spring B. The spring deflection is recorded 
bx" a, s1>1us C upon paper within the recording drum D. The drum is turned slightly 
whh ciianges in pressure, the mechanism provided for this purpose consisting of a 
d< aihle I n metal! ic helix, one end of which is secured to the motor case and the other to the 
drum shaft. liy this device, the temperature differential existing between atmosphei^ic 
tenqxu’ature and the depth temperature at the point of observation causes the drum to 
turn.'^ The instrument must be occasionallj' calibrated against a dead-weight tester. 
Prcfc‘ral)l\q ii temperature traverse of each well tested is made before the pressure 
readings are taken in order to develop a calibration chart showing the corrections to be 
applied to the recorded pressures. A maximum temperature is also obtained for each 
run by the use of an armored maximum recording thermometer mounted in the upper 
part of the instrument. The entire device is mounted in a steel shell, 6K fb long, 
l,k| in. in diameter, weighing less than 25 lb., and is lowered on a Halliburton measur- 
ing line. A typical record oI)tamed with this instrument is reproduced in Fig. 75. 
As used in the deep high-pressure wells of the Kettleman Hills field in California, it is 
lowered through a lubricator mounted on the top of the Christmas tree on a single 
10,000 I t. length of wire of 0.064 in. diameter, with an ultimate strength of about 800 
ib. This wire is coiled on a small hoisting drum driven by a V belt from a power take 
off on one of the rear wheels of the motor truck that carries the equipment to the well, 
A simple pressure Haverse of a 7,000- to 8,000-ft. well may be made with this instru- 
ment in from 45 min. to 1 hr. after rigging up. Pressure traverses of at least two such. 
\\ i*Ils p« T da\' are regularH made. The device be readily lowered in the tubing or 
easing tiuough wliich the well is flowing. It has been successfully operated — without 
interfering with flow— in wells producing at rates of from 2,000 to 5,000 bbl. daily, 
with sevcu’al tlionsand cubic feet of gas per barrel of oil, and with surface back pres- 
sures as high as 1,400 lb. per square inch. 

Parks, E. K,, and Gibbs, C. W., Instrument and Equipment for Recording Sub- 
mirface Pressures, Petroleum Development and Technology, 1934,’^ pp. 42-52, 
Am. Inst. Mining Met. Eng. 
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In still another type of depth-pressure recording instrument, the pressure-sensitive 
element is connected with an electrical system by means of which the pressures can be 
read continuously, or may be recorded continuously, on an instrument at the surface. 
Several designs have been developed, but they have been little used because of the 
cost of insulated cable and because of the difficulty of ^lubricating’^ an insulated cable 
into a high-pressure well. 

A proposed design, in which radio equipment on the 
surface is used to determine the period of vibration of 
an electrical device lowered into the well, operates with- 
out an insulated cable. The electrical mechanism in 
the well is actuated by storage batteries, and its period 
of vibration is proportional to the pressure to which 
it is subjected. 

Another device for determining depth pressures in 
wells involves forcing compressed gas into an auxiliary 
column of tubing, the open end of which is placed at the 
depth where the pressure is to be determined.* The 
pressure of the injected gas, as indicated by a pressure 
gage on the upper end of the auxiliary tubing, is a 
measure of the pressure at the bottom. Tubing as 
small as in. in diameter may be used for the auxiliary 
string, and a small portable gas compressor or cylinders 
of compressed gas with a suitable reducing valve may 
be the source of pressure. The volume capacity neces- 
sary is small, as we are interested only in the indicated 
pressure at which the gas begins to enter the casing. 

This method of determining depth pressures is as 
accurate as the pressure gages described above but is 
more costly and cumbersome. Lowering or raising the 
tubing, breaking and remaking connections with the 
source of gas and refilling the tubing between su(*cessive tests are tirrie-consuming, 
especially where the well is under high gas pressure. 

It is often possible to compute, with approximate accuracy, the pres- 
sure at the lower end of a column of flow tubing. Usually, if considerable 
gas accompanies the oil and no fluids are allowed to escape through the 
annular space between the casing and the tubing, the operating liquid 
level in the casing will be at the lower end of the tubing. The pressure 
indicated on a gage connecting through the casing head with the annular 
space between the casing and tubing, plus the weight of the column of 
gas extending down to the lower end of the tubing, should theoretically 
be the pressure existing at that point. To find the pressure at the bot- 
tom of the well or opposite the oil-producing horizon — if the lower end 
of the tubing is at some higher elevation — we have only to add the pres- 
sure equivalent of a column of the well fluid from' the lower end of the 

* Gill, S., Gas Column Apparatus for Precise Measurement of Oil-well Pressure, 
^‘Petroleum Development and Technology, 1933,” p, 191 (abstract), Am. Imt. 
Mining Met. Eng. Printed in full in Oil Weekly^ Apr. 4, 1932, pp. 27-32. 
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Inst. Mining Met. Eng.) 


Fig. 75. — Typical depth- 
pressure record made by 
Standard depth-pressure re- 
cording apparatus. Distance 
L is a measure of the extent to 
which the spring has been 
extended by the pressure. 
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tubing down to the point at which we wish to compute the pressure.* 

Although depth pressures may theoretically be computed in this way, 
the factors involved are often somewhat uncertain to an extent that the 
results are frequently in error, at times by as much as 50 lb. Occasionally 
it will happen that the liquid level exists temporarily at some point above 
the lower end of the tubing. The average density of the column of gas 
in the annular space about the tubing is not always determinable with 
accuracy, and the average density of the gas-oil mixture in the lower 
part of the well below the flow tubing can be determined with even less 
certainty. 

Computation of bottom-hole pressure from casing-head pressure in a 
well flowing directly through the casing, without tubing, can seldom be 
done with precision. In this case, we must add to the indicated 
casing-head pressure the static pressure equivalent of the column of 
fluid and the pressure loss involved in flowing the fluid to the surface. 
The latter factor involves a group of variables, several of which are not 
ordinarily known with accuracy or readily determinable. The slippage 
factor is here important, since it partly determines the density of the 
column of fluid in the flow column. The same difficulties apply in 
estimating the bottom-hole pressures in tubed wells from tubing-head 
pressures. 


Applications of Depth Pressures 

Depth pressures find application in a variety of petroleum engineering 
problems. We are sometimes interested in determining the pressure 
gradient in a w^ell, either wdiile the well is shut in or while it is producing. 
For this purpose, we have only to determine the pressure at a sufficient 
number of different depths and plot the results in the form of a depth- 
pressure diagram. Figure 76 shows typical pressure gradients prepared 
in this w^ay. The pressure gradient in a shut-in well shows very definitely 
the depth at which the liquid surface stands in the well. The pressure 
gradient in a flowing well affords a basis for estimating the depth in the 
flow column at which flow^ changes from the froth to the mist condition. 
Such data are useful in designing flow strings. 

Successive tests, at different times, of bottonl-hole pressures in shut-in 
wells, indicate the rate at which formation pressure is declining. Bottom- 
hole pressures of shut-in wells are taken as a measure of the reservoir 
pleasure in their vicinity, and, if sufficient data of this character are 
available from wells distributed broadly throughout a field, they may 
afford information wdth which to construct a contour map showing the 

*** Jones, F., Analytic Determination of Bottom Pressure, Oil Weekly, Mar. 6, 
l,9S3,,pp. 10-28. 
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variation in reservoir pressure.^'* Analysis of such maps will often dis- 
close the character and extent of depletion of the natural expulsive force? 
and may be used to estimate the average field pressure in different 
localities, t Bottom-hole pressures are sometimes used as a basis for 
proration. J It is possible to estimate the open-flow capacity of a well, 
or to predict the rate of productivity for any given differential pressure 
between the well and the formation, on the basis of bottom-hole pressure 
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Fic3^. 76. — Graphs showing static and flowing pressure gradients and relation existing 
between pressure drop and rate of production for a well in the East Texas field, Texas. 



measurements at different rates of flow. A straight-line relationship 
exists between the differential pressure and the rate of flow; hence, it is 
necessary only to plot the rates of flow corresponding to two differential 
pressures in order to determine the course of a straight line that will 
indicate the rate of flow for all other differential pressures (see Fig. 43). 
Such data are useful for proration purposes and, also, in constructing 
production-decline curves for wells operated under proration restrictions. 
Variation in the rate of production, with changes in differential pressure, 
is also a measure of the permeability of the reservoir rock in the vicinity of 
a well. § 

* Millikan, C. V., Geological Application of Bottom-hole Pressures, Bull.j Am. 
Assoc. Petroleum Geol., vol. 16, pp. 891-906, September, 1932. 

t PoRAN, E. V., Interpretation of Bottom-hole Pressures in the East Texas Oil 
Field, Bull. Am. Assoc. Petroleum Geol., vol. 16, pp. 907-914, September, 1932. 

t Wilde, H. D., Jr., Why Measure Bottom-hole Pressures? Am. Petroleum 
Inst,, Prod. Eng. Bull. 209, pp. 77-83, June, 1932. 

§Nix, D., Determination of Depth Pressures in the Yates Field, Petroleum 
Development and Technology, 1932/’ pp. 353-366, Am. Inst. Mining Met. Eng. 
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Mines.) 

Fig. 77, — Diaj^riinimatic sketch 
of bottom-hole sampler. 


Devices foe Obtaining ''Bottom-hole'' 
Samples of Fluids 

In studies of reservoir conditions and 
characteristics of flow of wells, it is sometimes 
necessary to secure samples of the fluid pro- 
duced as it exists at or near the bottom of 
the well.* For this purpose, special sam- 
pling devices designed to be lowered into the 
well on a light wire line have been develop- 
ed. One of these, f used by U. S. Bureau of 
Mines technologists in securing depth samples 
in the East Texas field, is illustrated in Fig. 
77. This sampler has a sample chamber 
43 in. long and 1}4 in. in diameter. Two 
valves Bi and Ci serve to close the chamber 
at bottom and top, respectively. The upper 
valve is actuated by a spring jB tending to 
close the valve against its seat, but it may 
be held open by a trigger F. The sampler 
is lowered through the well fluid, its upward 
pressure lifting the lower valve Bi, thus per- 
mitting the fluid to flow through the sample 
chamber A and the upper valve, which is 
held open by the trigger, and out through 
ports in the upper part of the instrument. 
When the sampler has reached the depth 
at which the sample is to be taken, it is 
allowed to remain at rest for 5 min., and a 
light "go-devil," encircling the wire line, is 
dropped from the surface. This go-devil 
sinks through the well fluid, strikes pin G, 
which trips trigger F, permitting the upper 
valve Cl to close. Dash pot D prevents the 
valve from closing too abruptly. The sam- 
pler may then be withdrawn to the surface. 
In the laboratory, the sampler is supported in 

* Exline, P. G., A New Apparatus for Secur- 
ing and Examining Sub-surface Samples of Oil, 
“Drilling and Production Practice, 1936,^^ pp. 
126-139, Am. Petroleum Inst. 

fLiNDSLY, B. E., A Study of Bottom-Hole 
Samples of East Texas Crude Oil, Am. Petroleum 
Inst., BuU. 211, pp. 40-52. 


FLOWING WELLS AND THEIR CONTROL 


165 


an upside-down position, and a special head M is substituted for foot-piece 
L. V al ves are provided on connections P and Pi. A pump is then used to 
force mercury through port Pi. When the mercury pressure becomes 
sufficient to overcome the internal pressure of the sample chamber, 
valve Bi opens and the mercury falls to the bottom of the chamber and 
is replaced by oil in head M and port Pi. Thereafter, flow of fluids from 
the sampler is controlled by the valve on port P. 

In a bottom-hole sampler described by R. J. Schiithuis,'^ the sample 
chamber is sealed at its lower end by a tin disk of such thickness that it 
will fail in a definite time, as a result of metal creep,” when subjected 
to the pressure at depth within the well. A bottom check valve pre- 
vents the -well fluid from escaping once it has entered the sample chamber. 
A needle valve in the upper end is used to control release of fluids in the 
laboratory. An agitating device, operated electromagnetically, is built 
into the sample chamber and may be used to mix the sample thoroughly 
before it is withdrawn. 

Cost of Opebation of Free-flowing Wells 

As free-flowing wells require no artificially developed and applied 
power and require little expenditure for labor and materials in their 
control and maintenance, the daily per w^ell cost of operation is very 
low. Also, daily w^ell productions are usually high, and hence unit 
production costs are low: often but a few- cents per barrel. Unit costs 
of production are smaller by natural flow methods than by any other. 
For this reason, the method is preferred to all others except when, under 
competitive conditions, greater daily 3delds may be secured by other 
means, or unless the method is so wasteful of formational gas energy 
that some other method seems preferable. 
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CHAPTER III 

PNEUMATIC PUMPING OF OIL WELLS 


When gas pressures and volumes have so far declined that wells can 
no longer be made to flow their production through application of forma-' 
tional energy alone, it may yet be possible to continue operation by flow 
methods by supplementing the formational energy with compressed 
gas forced into the Aveil at the surface. The '' gas lift '' in its various forms 
and also the “gas displacement pump/^ or “ejector/’ operate on this 
principle. These devices have found wide application in the lifting 
of oil ill mailer fields, particularly during the stage of production inter- 
vening lK‘t ween the period of free flow and the time when the wells must 
be mechanically pumped. 

Artificially stimulated or sustained methods of flowing wells require 
that the wells be equipped with a column of tubing inside the casing. 
Compressed air or natural gas is forced into the well at the casing head 
under sufficient pressure to cause it to flow down between the casing 
and tubing. At the lower end of the tubing, it becomes a part of the 
stream of formational oil and gas, flowing with the latter up through the 
tubing to the surface. An alternative plan is that of injecting the input 
gas into tlie upper end of the tubing, flowing the well’s production to 
the surface through the annular space between the tubing and casing. 
The gas so introduced into tlie ascending stream of fluid becomes entrained 
in tlie oil, lightens or “aerates” the oil column and, by its effort to expand, 
carries the oil with it to the surface. In special forms of pneumatic 
pumps, valve mechanisms, accumulation chambers and additional 
auxiliary tubing must be a part of the well equipment. 

These methods of operation differ in no material respect from the 
natural-flow methods discussed in the preceding chapter, except that 
artificially created energy conferred upon the injected gas by virtue of 
its compression is substituted for formational gas energy. Though such 
gas as enters the well with the oil will of necessity assist, under favorable 
conditions the injected gas may contribute the greater part of the energy 
consumed in lifting the oil to the surface. By this means, the forma- 
tioiial energy is relieved of the necessity of lifting the oil and is, for the 
most part, expended in moving the fluids through the reservoir rock into 
the well. Drainage efficiency is thereby increased and a greater ulti- 
mate oil recovery obtained. Because of the increased recovery efficiency 
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secured, some operators prefer to conserve formational gas energy by 
substitution of artificially compressed gas for lifting purposes, even during 
the early life of the well when it is capable of flowing its production 
unaided. 

THE GAS LIFT 

Of the pneumatic methods of lifting oil, the gas lift is best known and 
has been most widely employed in oil-field service. In a broad sense, 
the term ''gas lift” also includes the "air lift,” a deduce identical in 
principle, which has been widely used in lifting water from wells and 
unwatering mines. 

Historical Development of the Gas Lift 

It is recorded that the air lift was used to pump ^vater with some oil 
from wells in northern Pennsylvania as early as 1846; and in 1864, during 
the early period of development of the American petroleum industry, 
again in northern Pennsylvania, compressed air was used in a few wells 
to stimulate flow. For a period beginning in 1899, the air lift was 
employed for lifting oil in wells of the Baku district in southern Russia. 
In 1901, the method was introduced into the coastal fields of Texas and 
Louisiana and attained wide use. For a number of years, beginning about 
1909, air lifts were used in operating wells in some of the California fields. 
In some instances, natural gas was substituted for air in this early use 
of the method in California. It was not until 1923, ho'wever, with the 
development of the deeper California fields, that the gas-lift method 
of well operation came to be accepted generally by oil producers as a 
serious competitor of mechanical pumping and natural-flow methods. 
In this period too, natural gas was generally substituted for air as the 
lifting medium. Soon thereafter, the gas lift was enthusiastically adopted 
by other American operators in the mid-continent fields, and a period of 
intensive study and development of the method followed, which has 
brought gas-lift practice to its present high degree of efficiency. Today 
it is successfully used in all the important oil-producing regions of the 
world. 

General Features op the Gas Lift 

We can perhaps best study the action of the gas lift by reference to 
the sketches of Fig. 78. Here Fig. 78 A represents a well lined with 
casing C and equipped with an eductor tube T, Let us assume that during 
a period in which no oil is removed from the well the fluid rises to an. 
equilibrium position, the surface standing at an elevation ab above the 
lower end of the eduction tube. This "static submergence” of the educ- 
tion tube is an expression of the magnitude of the formation pressure. 
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Now. if compressed air or natural gas is forced down into the well between 
I hc! casing and the tubing and the latter is left open at top and bottom, 
the oil icvcl rises within the tubing T as the oil surface in the annular 
space between C and T is depressed. Figure 785 illustrates the relative 
positions of the oil surfaces within and outside the tubing when the gas 
pressure applied is sufficient to depress the oil surface in the casing to the 
level of the lower end of the tubing.* 
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(After H. C. Miller, U. S. Bur, Mines.) 
-Sketches illustrating manner of operation of the gas lift. 


At, til is ],)oiiit, the high-pressure gas or air is able to escape into the 
lower end of tlie eduction tube and move upward toward the surface. 
In doing so, it becomes occluded or disseminated in the form of small 
f)ul)l)le.s tliroiigh the oil previously forced upvrard into the tubing. The 
viscous condition oi the oil and the restricted cross section of the tubing 
|)r(‘vent rapid translation or slippage’^ of the gas through the oil. As 
long as tl lis gas, which thus enters the tubing, is retained within the oil 
in uccliidcH] lorm, its volume serves further to elevate the surface of the 
oil in tli(‘ tiil)iiig; furthermore, as it rises through the tubing to regions of 
lower pnsssure, it expands and its volume is greatly increased, perhaps 
to t he point where the volume of the gas exceeds that of the oil. If the 
^■oiumf? of tfie expanded gas, added to that of the oil in the tubing, is 
*** UiiEN, h, C., see in National Petrohum M^ Mar. 23, and Apr. 6, 1927. 
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sufficient, the oil-gas column will be extended upward until it overflows 
at the surface and thus flow is established (see Fig. 78C). 

Pressure Conditions within the Well 

Let us now examine the pressure conditions within the well at the 
level of the oil sand. Before gas pressure is applied to the well, the 
effective back pressure on the reservoir rock opposing admission of oil 
is equivalent to the static fluid pressure of the oil due to its ec|uilil)rium 
elevation above the lower end of the eduction tube (see Fig. 78*4). 
This we have assumed to be exactly ecpial to the formation pressure; 
and, hence, there is no additional tendency for oil to enter the well. 
When, after the input gas pressure has been applied and the condition 
illustrated in Fig. 7SB is attained, the pressure on the productive forma- 
tion will have been increased to an amount determined by the new height 
reached by the level of the oil surface in the tubing. 

As gas enters the eduction tube and mixes with the oil therein, there 
will be additional but comparatively slight increase in pressure imposed 
on the reservoir rock until the fluid overflows at the surface. The pres- 
sure developed at this stage, however, is no longer proportional to the 
height of the oil column, for the latter has acquired lower density by 
reason of its occluded gas. Up to this point, there has been a continual 
increase in back pressure on the producti\T> formation, which prevents 
admission of additional oil to the well. As soon as oil b(.‘giiis to overflow 
at thq surface, however, the pressure opposing admission of oil to the 
■well begins to diminish. 

Oil may continue to overflow at the surface only as a result of further 
admixture of gas with oil in the tubing, occluded gas displacing oil while 
the density of the oil-gas mixture in the tubing becomes lower and lower 
and the back pressure on the productive formation becomes less and 
less until eventually, if the conditions are favorable, the pressure main- 
tained against the reservoir rock becomes less than the original static 
pressure established under the starting conditions illustrated in Fig. 78 A. 
Because of this reduced pressure, oil now begins to enter the well; and, 
as the pressure is further diminished with more complete ^Tieration’’ of 
the rising fluid in the ediictidn tube, the quantity of oil flowing from the 
reservoir rock will increase until an equilibrium pressure gradient is 
established. 

We may alter this equilibrium condition by circulating a greater 
volume of compressed gas, the density of the flovdng oil-gas column in the 
eduction tube and the back pressure on the productive forniatioii dimin- 
ishing as the volume of gas circulated increases.- This is limited again, 
however, by the flow resistance offered by the eduction tube, the resistance 
increasing as .the flow velocity increases. It follows that, for a given 
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size of eduction tube, there is a certain maximum volume of fluid (gas 
plus oil) that may be handled. Beyond this, the flow resistance adds 
back pressure on the productive formation more rapidly than pressure 
may be diminished by decrease in fluid density. These opposing factors 
thus determine the maximum effective gas volume that may be used under 
given conditions. It must be remembered that the compressed gas 
injected into the well at the surface will be but a part of the total gas 
volume rising through the eduction tube to the surface. Formational 
gas entering the well with the oil is, in many cases, a large part of the 
total gas volume delivered by the well into the gas separator at the 
surface. 

It is apparent that gas-lift operation will always occasion consider- 
able back pressure on the productive formation, and this constitutes one 
of the principal limitations on its use. For successful results, the back 
pressure developed must always be less than the formation pressure; 
otherwise, oil cannot flow from the reservoir rock into the well. This 
limitation apparently restricts the application of the method to the early 
period of development of fields when formation pressures and fluid levels 
are reasonably high. In most fields, the gas lift is probably only appli- 
cable during a comparatively small part of the productive life of the 
wells, rapid decline of formation pressure usually necessitating early 
conversion to other methods of recovery. An exception is to be noted 
in cases where elevated field pressure is maintainecb by artificial means, 
as in restoring or maintaining pressure by forcing compressed gas back 
into the reservoir. 

FACTORS INFLUENCING GAS-LIFT EFFICIENCY 

A variety of different factors influence the efficiency of the gas lift. 
Among the more important of these are the pressure and volume of the 
drciilating and formational gas, the depth of the well and the diameter 
and length of the eduction tube, the viscosity and surface tension of the 
oily the soliibility of the gas in the oil and the influence of dissolved gas 
on the properties of the oil, the relative volumes of gas and oil rising 
through the eduction tube, the flow velocity and the character of the 
gas-oil mixture formed.* 

Pressure of the Input Gas 

1 he pressure of the input gas will depend upon the depth of the lower end of the 
ediuaion tube below the point of discharge, upon its diameter and upon the rate of 
flow and density of the oil to be lifted. The volume of gas circulated will also influence 
the pressure necessary to an important degree. Depth of the fluid surface in the 
welh-m fixed by the position of the low^er end of the eduction tube— -determines the 

Sh.w, S. F., Producing Oil with Gas-lift, *^The Science of Petroleum,^^ vol. 1, 
pp. 583-589, Oxford University Press, New York, 1938. 
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length of the fluid column opposing admission of gas into the eduction tube, whereas 
the density of the oil and the extent of admixture of gas with it determine its effective 
pressure. Flow resistance, which is largely determined by the diameter of the educ- 
tion tube and the ascending velocity of the fluids, has an important bearing in deter- 
mining the gas pressure necessary at the lower end of the tubing. The pressure of the 
input gas at the well-head must necessarily be somewhat greater than that at the 
lower end of the eduction tube, because of pressure loss in forcing the gas through 
the annular space between the casing and the tubing. This pressure loss is small, 
however, in comparison with that experienced in the eduction tube. 

When the lift is started after a period of idleness and a considerable depth of 
fluid has been permitted to accumulate in the well, a very high starting pressure is 
necessary in offsetting the pressure developed by the column of unaerated fluid within 
the tubing. As the fluid becomes charged with gas and its density is reduced, the 
gas may enter the eduction tube wdth less resistance. The starting pressure is often 
more than double that necessary after the lift is in operation and the ascending column 
of fluid has become fully aerated. 

Operating gas pressures vary over a wide range, from 20 to as much as 500 lb. per 
square inch, or more in extreme cases, depending upon working conditions. Oper- 
ating pressures of 125 to 300 lb. per square inch are common. The working pressure 
should be adjusted until the flow is uniform, without tendency to ^‘head^’ or surge. 
Starting pressures in gas-lift wells are occasionally as great as 1,500 lb. per square inch. 

Volume of Input Gas 

The volume of input gas that must be circulated to secure maximum efficiency in 
operation of the gas lift will depend upon the rate of oil production, the diameter of 
the eduction tube used, the viscosity and surface tension of tlie oil and tlie solubility 
of the gas in the oil. All these factors enter in greater or lesser degree in determining 
the extent of slippage of gas through the oil and the ratio of gas to oil in the ascending 
column of fluid. The volume of gas circulated should preferably be at least as large 
as the oil passing up through the eduction tube is capable of holding in suspension. 
Highly viscous oils and oils of high surface tension are able to retain greater quantities 
of gas in suspension without excessive slippage of gas through the oil than those of 
lesser viscosity and lower surface tension. An eduction tube of small or moderate 
diameter offers less opportunity for by-passing of gas through the oil than one of 
larger cross section. When the oil is flowing rapidly through the eduction tube, there 
is less slippage than with lower velocities. The volume of gas necessary will, of course, 
depend to a large extent upon the volume of liquid to be raised, economic operation of 
the gas-lift being predicated upon a certain degree of aeration of the oil, which means 
that a definite quantity of gas must be supplied for each barrel of oil raised. 

It is seldom in the operation of a gas lift that the ratio of input gas to oil is less than 
400 cu. ft. per barrel and occasionally, under unfavorable conditions, as much as 
5,000 cu. ft. of gas must be circulated for each barrel of oil lifted to the surface. 
Commonly, the gas factor ranges from 500 to 2,000 cu. ft. per barrel. 

The Temperature of the Input Gas 

Occasionally the circulated gas, forced into the well in operation of a gas lift, will 
be preheated. This promotes lift efficiencj" by increasing the ability of the gas to 
expand and reduces the viscosity of the oil with which it comes into contact, thus 
reducing frictional resistance to flow” of fluids through the eduction tube. If the wells 
produce a surplus of gas for which there is no m’ore profitable use, it may be employed 
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in prelieating tlie input gas by burning it in inexpensive gas heaters situated near the 
well-licad. A possible disadvantage experienced in preheating the input gas is found 
in the greater tendency toward vaporization of light fractions of the oil. 

Gas-oil Ratio of the Fluid Entering the Well 
FROM THE Reservoir Rock 

The gas-oil ratio of the fluid entering the well from the reservoir rock has an 
influence on gas-lift efficiency in determining the volume of input gas that must be 
circulated and the character of the gas with "which the oil is in contact in the eduction 
tube. Large formational gas-oil ratios require smaller volumes of circulated gas. 
Formational gas is wetter’^ than circulated gas and, to the extent that it is present 
in the gas mixture passing through the eduction tube, reduces the tendency to strip 
volatile fractions from the oil. 

Reservoir Pressure 

The resenmir pressure is a factor of great importance in that it determines the 
available submergence possible for the eduction tube, and overall lift efficiency is 
directly proportional to submergence. The formation pressure also limits the 
differential pressure possible between the reservoir rock and the well and thus is one 
of the variables controlling the rate of influx of fluids into the well- The degree of 
back, pressure that we may impose on the formation exposed in the bottom of the well 
in operation of a gas lift is limited by the reservoir pressure. The reservoir pressure 
a!s(} determines the extent to which gas may be in solution in the oil and thus has an 
important influence on the properties of the oil. 


Properties of the Oil and Gas 

The properties of the oil and gas doubtless have an influence on gas-lift efficiency. 
Oils of high viscosity develop more frictional resistance on the walls of the eduction 
tube, thus tending to reduce lift efliciency; but, on the other hand, there is probably 
less slippage of gas through a higlily viscous oil than through one of lower viscosity. 
The interfacial tension between the oil and the gas also influences slippage, par- 
ticiilarly when flow occurs in the froth condition. Low surface tension promotes 
slippage. The density of the oil is important in determining the work of lifting, and 
the buoyancy of gas bubbles immersed in oil depends upon their relative densities. 
In accordance 'with Stokes’ Law, we should expect vslippage in mist flow to be a function 
of the relative densities of the gas and oil. Experimental investigations have con- 
firmed this.* *VDry” gas, containing less than a normal amount of gasoline-forming 
vapors, absorbs more of the lighter components of the oil during its course through the 
eduction tube than “weP’ gas. 


Steifping op Light Fractions from Oil in Gas-lift Operation 

In its intimate contact with the oil during its turbulent flow through the eduction 
tube, the circulating gas is usually enriched by vaporization of the more volatile 
constituents of the oil. This is promoted by slippage, which develops a ''scrubbing” 
action^ on the oil. The gas injected into the well is highly compressed and, in most 
cases, is residual gas from a natural gasoline extraction plant; hence, it is comparatively 
^ dry. It is therefore capable of greatly increasing its gasoline content when brought 
into contact with oil containing light, volatile fractions. In certain studies made of 
* Moobb, T. V., and ScEiLTHtris, E. J. (see reference 18 at end of Chap. II). 
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this tendency , it was found that the gasoline content of the circulated gas increased 
from a minimum value of 0.1 gal. per thousand cubic feet at the point of entrance to 
the well to 1 to 3 gal. per thousand cubic feet at the point of discharge. Meanwhile, 
the oil suffered a loss in A.P.I. gravity, sometimes as great as 2 or 3°, The amount of 
such loss of light fractions suffered by the oil will depend upon "the character of the oil 
and the gas and their relative volumes and the prevailing pressure and temperature 
conditions. 

Vaporization of the oil in gas lifting is not necessarily to be thought of as a loss, 
for if the enriched gas is subjected to treatment for recovery of its gasoline content, this^ 
will be reclaimed in the form of a marketable and often highly profitable product. 
Furthermore, the oil fractions lost to the gas are the components that would, in many 
cases, be lost by weathering and evaporation during subsequent storage. In a compre- 
hensive view over the entire operation of oil and gas production by gas lifting, it may 
be found on careful analysis that stripping of light fractions from the oil represents 
an economic gain rather than a loss. y 

c/ec es 

Effects C)f Solubility op the Gas in the Oil 

Oil entering the well from the formation is generally saturated with formational 
gas at the existing bottom-hole pressure. It is therefore incapable of dissolving any 
of the input gas provided that it is gas of the same character. On the contrary, gas is 
continually released from solution in the oil as the fluids rise toward regions of lower 
pressure. Release of formational gas from solution in the oil during its upward flow 
through the eduction tube not only results in a continually increasing gas-oil ratio but 
theoretically, also, leads to increase in viscosity, surface tension and density of the 
oil. However, the extent to which the properties of the oil are actually altered is 
somewhat problematical because of the rapid flow velocity and the very short time 
required for the fluids to reach the surface. Actual release of gas from solution in the 
oil with reduction in pressure is also limited by the tendency of the oil to remain 
supersaturated. 

Choice op Air or Natural Gas for Lift Operation 

Either compressed air or natural gas may be used for lift operation, but gas is to be 
preferred if available in sufficient volume. Air is somewhat soluble in crude petroleum 
and, to such extent as it enters into solution, is ineffective. The formational gas 
present in the oil becomes contaminated with air if the latter is used, forming explosive 
mixtures that are dangerous in any subsequent use of the gas for fuel purposes. 
Extraction of gasoline vapor from gas-air mixtures presents no unsur mountable 
difficulties, but mere dilution of the natural gas wdth air will often result in a blend 
that is too lean to be profitably used as a source of natural gasoline. On the other 
hand, if lean natural gas is used as the circulating medium, it takes up additional vapor 
from the oil and thus provides a highly profitable raw material for gasoline recovery. 

If saline water is produced in association with the oil, on contact %vith air it 
frequently becomes highly corrosive, attacking the tubing, well casings and surface 
connections and appliances. The presence of certain sulphur compounds in the gas, 
in the presence of air and water, may also result in serious corrosion. 

Size of the Eduction Tube 

The size of the eduction tube has a controlling influence in determining the 
resistance offered to passage of oil-gas mixtures through it and is one of the important 
factors influencing gas slippage. With a fluid of given characteristics, the resistance 


166 


OIL FIELD EXPLOITATION 


1o flow offered by the eduction tube varies as the fifth power of the diameter (see 
Chap. Xj; hence, relatively small changes in the diameter of the eduction tube will 
result, iii inii)ortaiit changes in capacity and flow resistance. The efficiency of the 
gas lift (h^pcuKls to an important degree upon the extent to which gas may rise through 
the oil witlouit corresponding elevation of the oil and, as explained above, slippage is 
less in small-diameter than in large-diameter tubing. 

The diameter of the eduction tubing in gas-lift wells is seldom less than 2 in. and, 
in extreme cases, may range up to 5 or 6 in. The smaller sizes of tubing, ranging in 
diameter from 2 to in., are commonly employed. As explained on page 140 
*iii coimectioii with free-flowing wells, '"tapered” or graduated tubing, in which the 
diameter is gradually increased from bottom to top, has certain advantages. Efforts 
have been iiiade to realize the theoretical advantages of tapered tubing by assembling 
the ediietioii tube from several sizes of tubing varying from each other by small incre- 
ments and connecting the different sizes with bell nipples or long-taper reducers. 
It is considered probable, however, that the advantages gained by this procedure 
are largely offset by increased turbulence and abrupt changes in pressure conditions 
that result with each change in diameter. 

Depth of the Lower End of the Eduction Tube 

The depth of the lower end of the eduction tube, below the point of discharge at 
Ihc surface, influences to an important degree the input gas pressure that must be 
(aupinyed, for this determines the height of lift. The lower end of the eduction tube 
must, of (‘(MirsL*, be placed well below the static fluid level of the oil in the well; other- 
wise t he diffenMitial pressure between the formation and the well will not be sufficient 
to deliver an adequate volume of oil to the eduction tube. The depth to which a 
gas-lift well is tubed will depend partly upon, the back pressure that it is desired to 
maintain on the productive formation. This, in turn, will be determined by the 
permeahilily of the reservoir rock, by the tendency of the well to produce water with 
tlie oil and the degree of control of the formational gas factor afforded by variation 
in ba(*k pressure. Practice in this regard is quite variable, some wells being tubed 
aliiiosT to ]>ottoni, whereas in others the lower end of the tubing will be suspended 
many hundreds of feet above the productive formation. To avoid undue formational 
gas drainage and permit flow of oil through the full depth of the productive formation, 
it is sometimes desirable to keep the lower end of the eduction tube above the top of 
the reservoir rock. 


Fditid Mechanics op Gas-lift Flow 

The cliaraeteristics of flow through the eduction tube in gas-lift 
opc?ratioii differ in no material respect from the characteristics of flow of 
gas-oil mixtures in naturally flowing wells (see page 113 ). Expansion is 
licit hei isothermal nor adiabatic but of some intermediate ^^exponentiaE^ 
D pioljabiy approaching the isotherniai in most cases, there being only 
.dight loss in teniperature as a result of gas expansion. Lifting of the oil 
is^ acaimplished primarily by the frictional drag of rapidly flowing gas 
slipping tliroiigii the oil. Efflciency is influenced to an important degree 
by fioVr \ elocity, and the rate of flow of the gas depends fundamentally 
upon its inlierent tendency to expand. This, in turn, depends upon the 
existhig piTssure differentM^ 
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The characteristics of flow vary greatly at different depths, with 
changes in pressure conditions, gas-oil ratios and flow velocities. Either 
the foam condition, alternating gas and oil ^^slug” condition, mist condi- 
tion or annular-ring condition of flow may prevail in a particular section 
of the eduction tube, and one type of flow may change to another as gas- 
oil ratios and flow velocities change (see page 95). Flow velocities 
ill the lower part of the eduction tube are comparatively small, and the 
fluids probably exist in the foam or ^bsliig’’ condition in some cases. 
However, studies of the relative volumes of gas and oil at the lower end 
of the eduction tubes in certain California fields suggest that, in many 
instances, mist or annular-ring flow are usual throughout the entire 
length of the tubing. Certainly toward the upper end of the eduction 
tube, where gas pressures are lower and gas-oil ratios and flow velocities 
are much greater, the mist or annular-ring types of flow must prevail in 
most cases. Flow velocities are estimated to range from a minimum of 
perhaps 2 ft. per second at the lower end of the eduction tube to a maxi- 
mum of 400 ft. per second or more at the discharge end. Flow velocities 
at the lower end of the eduction tube range from 2 to 40 ft. per second, 
and at the upper end from 50 to 400 ft. per second. "" According to Miller, 
the velocity at the upper end is often about seven times that at the lower 
end. The velocities indicated are for gas. It should be remembered 
that the velocity of the oil is somewhat less than that of the gas, as a rule, 
owing to slippage. As the flow velocity increases, slippage diminishes. 
Excessive velocities toward the upper end of the eduction tube are respon- 
sible for large friction losses. At such velocities, it is apparent that the 
gas requires only a minute or two to flow through several thousand feet of 
eductor tubing, and, though the oil ascends less rapidly due to slippage, it 
is probable that the average particle of oil is in the eductor tubing but a 
few minutes. 

The many variables entering into operation of the gas lift and their 
interrelationships have not as yet been sufficiently studied and evaluated 
to permit of their accurate formulation. We may predict friction losses, 
efficiencies and rates of flow under prescribed pressure conditions only 
by approximations, and most of the field installations have been designed 
by ^^cut-and-try methods. The potential energy of the compressed gas 
being taken as 100 per cent, isothermal expauvsion being assumed and 
comparison being made with the number of foot-pounds of work necessary 
to lift the oil without frictional loss, the efficiency of most gas-lift 
installations is found to be very low, ranging from perhaps 5 per cent as a 
minimum to a maximum of about 60 per cent. The average gas-lift 
installation, on this basis, probably has an efficiency of less than 20 per 

* Pence, E, H., Oil Production by Gas-lift, Oil Weekly, pp, 27-31, 107, June 21, 
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cent. Seventy per cent or more of the energy latent within the injected 
gas is consumed in slippage, in overcoming frictional resistance and in 
intake and discharge losses at the two ends of the eduction tubing. Any 
back pressure applied at the upper end of the eductor tube reduces effi- 
ciency. S. F. Shaw"^ finds that the efficiency attained is approximately 
equivalent to the submergence expressed in per cent (see page 121). 

ADVANTAGES AND DISADVANTAGES OF THE CAS LIFT AS A MEANS OF 

OIL PRODUCTION 

In comparison with mechanical methods of lifting petroleum from 
wells, the gas-lift has a number of advantages. It has large capacity and 
affords a means of securing high daily yields. It operates continuously 
and at low unit production cost. There are no moving parts in the 
well, hence little to wear out and infrequent interruptions in service for 
repairs of well equipment. It may conveniently be used as a means of 
controlling back pressure on the producing formation, and, by proper 
application of back pressure, may result in increased ultimate recovery 
and better control of bottom-water incursion. It is adaptable to deep 
wells and crooked wells — conditions that often make mechanical pumping 
difficult and inefficient. Finally, through development of power for 
operating a number of wells in a central compressor plant, we may secure 
greater over-all efficiency in utilization of the energy consumed. There 
are also certain disadvantages. A gas-lift plant requires a large initial 
capital outlay, and the period of redemption is usually short. It is not 
adaptable to the handling of small productions characteristic of the later 
years of productive life of oil properties, hence must eventually be 
replaced by some other method of lifting. If water enters the well with 
the oil, gas lifting is productive of a type of emulsion that is difficult to 
demuLsify. Corrosive tendencies of the water are aggravated if air is 
used as the lifting medium, and, if sulphur compounds are present in the 
gas, the tubing and well casings are rapidly destroyed by chemical action. 
In handling some types of oil by gas lift, paraffin accumulations in the 
flow lines are troublesome. The oil producer must give consideration 
to these matters in determining whether or not the gas lift is likely to be 
more advantageous than other possible methods of lifting. 

Large Capacity 

Larj^(‘ daily capacities are possible by the gas-lift method, considerably greater 
thtin may be handled by oil-well pumps or other mechanical devices that can be 
installed and operat(‘d in the restricted space within a well of normal diameter. 
Daily (‘apacitics as great as 10,000 bbl. of fluid have been successfully handled through 
4-in. tubing in some instances. High capacity is important under competitive 
<• 00(1 it ions and in cases where large volumes of water must be lifted with the oil to 
avoid flooding of the oil-yielding formations. Large capacity is also a factor making 
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for low unit production cost. Instances are common in wliicii wells previously 
mechanically pumped have had their daily yields greatly increased by installation of 
gas-lift equipment. 

Continuous Opekation Even unuee Difficult Conditions 

The gas lift may operate for long periods of time without interruption in service. 
There being no moving mechanical equipment in the welly there is nothing to wear 
out or stall in operation, hence little or no “down time” for repairs. The gas lift 
is particularly useful in deep wells or in crooked holes that might make mechanical 
pumping devices difficult or even impossible to operate. Tor example, stretch in the 
sucker rods in a deep well may lead to very low operating efficiency in ordinary oil- 
well plunger pumping, and wear of the reciprocating rods on the inner walls of the 
tubing in a crooked hole may prove very destructive to both the rods and tubing. 
Pneumatic methods of lifting oil work equally well in straight or crooked holes, and 
where fluids must be lifted from great depths, may prove to be considerably more 
effective than rod-operated pumps. 

Gas Lift Keeps Wells Free of Sand and 
Shale Accumulations 

If the eduction tube extends well toward bottom, rapid influx of fluids entering the 
open lower end of the tubing will draw detrital material, caving from the walls or 
entering the well with the oil, into the eduction tube and thence to the surface with the 
oil. Gas lifts may handle a large percentage of sand and silt with the oil in this way, 
without difficulty, and the operator is thus relieved of the necessity for occasional 
cleaning of the wells, a matter of more or less frequent necessity with other methods of 
lifting. 


The Gas Lift as a Back-pressure Device 

The importance of back-pressure control of oil wells, as a means of improving the 
efficiency of oil recovery, has been discussed in the previous chapter (see page 122). 
The gas lift was there mentioned as a useful device for maintaining the desired pressure 
control on the productive formation. The back pressure productive of the largest 
current rate of oil production may result in a higher formational gas-oil ratio than is 
considered desirable, and considerations of economy in gas energy may compel the use 
of a higher back pressure. That is, a higher back pressure, resulting in a lower gas-oil 
ratio and consequently higher ultimate recovery, may be preferable, even though it 
means a somewhat lower current rate of recovery. The extent to which conservation 
of formational gas energy is given consideration in fixing back pressure will depend 
somewhat upon the competitive conditions in the surrounding area. Again, it may 
happen, owing to the tendency of sand or water to flow into the well with the oil, that 
the most desirable back pressure, from the standpoint of oil-production capacity, 
will be inappropriate. In this case, a back pressure sufficiently high must be main- 
tained to control sand or water influx. 

We may alter the back pressure on the productive formation in a gas-lift well in 
several ways: by changing the pressure and volume of the input gas, by changing the 
diameter or length of the eduction tube, by heating the input gas or by applying back 
pressure at the upper end of the eduction tube with the aid of a “choke” or oil and gas 
separator (see page 126). A choke may also be used in the lower end of the eductor 
tube to increase bottom-hole pressure. One or more of these changes in operating 
conditions may be applied, as circumstances warrant, in achieving the desired degree 
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i)f l>,Mck-|}ressiire regulation. Clianging the size of the tubing is the most effective 
wav of accomplishing a considerable change in back pressure, but it is costly and often 
diflicult. Application of back pressure on the upper end of the eduction tube seriously 
UMbna's lift efficiency. Use of a choke in the lower end of the eduction tube theoret- 
ically overcbiiies most of the inefficiencies characteristic of surface chokes but necessi- 
tates interruption in operation when it becomes necessary to change the choke on 
account of wear. Lowering or raising the education tube is not difficult and may 
accomplish a considerable change in back pressure under some conditions. Usually 
the most convenient method for altering the back pressure on the productive forma- 
tion in a gas-lift well is that of increasing or decreasing the volume of the circulated gas. 

Any change in the volume of the input gas can be accomplished only by changing 
the input pressure. Increasing the input pressure at the well-head causes a greater 
volume of gas to flow; but whether this increased volume of input gas results in 
increased or decreased back pressure on the productive formation depends upon 
conditions within the eduction tube. Further “aerating” of the fluid within the 
eduction tube, by injection of additional gas, generally reduces the density to such an 
extent that the bottom-hole pressure and input pressure are diminished. In other 
eases, wlierc excessive volumes of gas are used in an eduction tube of small diameter, 
the effi^et of this diminished density is more than offset by the greater flow velocity 
and frictional resistance offered by the eduction tube, so that the back pressure on the 
pn>du(‘tive formation is increased. 

The t‘ffe(d. of change in size and length of the tubing on bottom-hole pressure 
depends soniewliat upon the position of the lower end of the eduction tube with respect 
to the t<jp of the productive formation. If the lower end of the eduction tube is 
above tlie fop of the producing formation, the bottom-hole pressure is generally 
in<‘rf*a>c(l by raising the lower end of the eduction tube. If the well is tubed below the 
top the j>roducing forniation, lowering the eduction tubing will generally increase 
f he hot tom-hole pressure, and vice versa. Reducing the diameter of the eduction tube 
will create a itigher bottom-hole pressure under all circumstances. 

CoNTKOL OF Bottom-water Incursion 

In tlie vicinity of edge-water lines and in areas within which water underlies the 
oil in the productive fornuitioii, a rapid rate of influx of fluids into the well may 
pennii the water to “cone up” and take possession of the wall rocks of the well and 
partially or even completely cut off the production of oil (see Fig. 79). A likely 
renuniy for such a situation consists in maintaining a higher back pressure against the 
product ive formation. With a gas lift this may be effectively accomplished by either 
of tlie methods suggested in the preceding section. When the water percentage in the 
fluid produced by a well shows a tendency to increase rapidly, a slight readjustment 
in bottom-lioie pressure conditions will often bring a marked change in the rate of 
water production. 

Increased Ultimate Regoveet through Use of the Gas Lift 

Coiiserv’'ation of formational gas energy results in increased ultimate recovery. 

the use of externally developed energy to lift the oil, as in operation of the gas lift, 
the formational energj^ is relieved of the work of elevating the oil to the surface and 
may bo almost entirely utilized in expeUing oil from the reservoir rook into the wells, 
.^gain, hy proper regulation of the back pressure maintained against the productive 
forrnation, low gas-oil ratios are maintained and a greater efficiency attained in 
iitihziitiori of the formational energy. All these considerations indicate that wells 
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operated by gas lift, with proper maintenance of back pressure, attain higher ultimate 
recoveries than would be realized by natural-flow methods or by other methods 



(After Bennett and Sdater, Am. Inst. Mining Met. Eng.) 

Fig. 79. — Sketches illustrating effect of back pressure on bottom-water incursion. 
At left, under the influence of high back pressure, waiter is held in check. At right, with 
loi-ver back pressure, water “cones up” about the well and cuts oif oil production. 
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(After B. C. Miller, U. S. Bur. Mines.) 

-Production record of a well, showing increase in rate of production after substi- 
tution of gas lift for natural flow. 


involving pumping wiiere appropriate back pressures may not be so readily main- 
tained. Analysis of production records from gas-lift wells confirms this reasoning. 
Figure 80 presents the production record for a typical case in which a well was per- 
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initted to flow its production with reservoir energy for a time sufficient to establish 
its normal rate of decline. Gas lift was then installed, resulting in a rate of recovery 
considenibly in excess of that indicated by the decline curve, and this increased rate of 
recovery extended over many months. 

Greatee Present-bay Value of Future Production through 
Early Plecovery by Gas Lift 

In many cases, wells develop a higher daily rate of production when operated by 
gas lift than when pumped or allowed to flow naturally under the influence of reservoir 
energy. Whether or not this accelerated rate of production represents increased 
ultimate recovery or merely an earlier production of oil, which would be recovered by 
other methods in. due course, is sometimes uncertain. In any case, however, early 
recover^?' of the drainable oil means greater ultimate profit, since the period of realiza- 
tion and loss of interest on the money value of the oil are reduced. The unit price 
that can be re.alized from sale of the oil, of course, must also be given consideration. 
Sometimes the prospect of better prices at a later date will offset the gain in present 
value through early recovery. Proration regulations also place a limitation on the 
rate of oil production and at times become a deterrent to efficient gas-lift 
operation. 

Greater Meci-l\nical Efficiency through Centralized Power 
Development in Gas-lift Operation 

Where a, number of wells are to be operated, there is economy in compressing the 
gas used in operating the entire group in one central plant. Such a plant has an 
approximately constant load factor and may be designed for a high degree of efficiency. 
A number of compressor units with ^‘stand-by’’ capacity assures continuity of service 
not possible where each well has its own individual power plant. Compressed gas is 
transmitted from the central plant to the individual wells through pipe lines of suffi- 
cient diameter to avoid undue pressure loss. Pressure and volume regulators at 
appropriate points in the distribution s 3 "steni assure a constant supply of gas at proper 
pressure to meet the requirements of each individual well. 

Emulsification of Water and Oil in Gas-lift Operation 

An important disadvantage of the gas lift is its tendency to emulsify thoroughly 
any water that may enter the well and be carried to the surface with the oil. Turbu- 
lent flow conditions and the presence of relatively' large percentages of gas in the 
fluid bring about violent agitation of the fluids and an intimacy of contact that 
promotes emulsification. Gas-lift emulsions usually consist of very small, closely 
spaced water globules suspended in oil (see Fig. 276, Chap. VII), a form that is 
unusually stable and difficult and costly to demulsify''. 

Paraffin Accumulation in' Wells Operated by Gas Lift 

With certain types of crude petroleum, moderate cooling, due to gas expansion in 
the ascending stream of fluids, results in deposition of waxy deposits in the tubing or 
easing. Most of the gas expansion and resulting cooling effect and wax deposition 
occur in the upper part of the well near the surface. Owing to irregularities in the 
flow cross section at tubing collars, this is likely to be particularly troublesome when 
the oil flows through the annular space between the tubing and casing rather than up 
through the tubing. We may conveniently avoid paraffin troubles in gas-lift oper- 
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ation by preheating the input gas. In some fields, “go-devil” scrapers have been used 
in removing accumulated wax from the tubing. For example, oil produced in the 
Panhandle fields of northern Texas congeals at 60°F. and large quantities of wax 
accumulate in the upper ends of the eduction tubes and flow lines. Daily operation 
of a mechanical scraping device was found to be necessary to keep open the eduction 
tubes in gas-lift wells. ^ 

Corrosion of Well Equipment in Gas-lift Operation 

Saline ground waters are sometimes corrosive and attack well casings and tubing. 
If air is used as the circulating medium in gas-lift operation, such waters are chemically 
more active and corrosion may become a serious menace to the well equipment. In 
such cases, flow should be preferably up through the eduction tube rather than up 
between the tubing and casing, thus confining the corrosive effect to the interior of the 
tubing and surface connections. Corrosion of the well casing presents a more difficult 
and costly problem from the repair and replacement standpoint. 

High Initial Capital Outlay and Short Period of Amortization 
IN Equipping Wells for Gas Lift 

Equipping wells for gas-lift operation is somewhat more costly than for other 
methods of operation. Compressor installation costs alone range from $2,500 to 
$12,500 per well in the California fields. Such installations are ordinarily short- 
lived, and capital invested in them must generally be redeemed within a few months 
to two or three years. As reservoir pressures decline, a point is reached at which the 
gas lift may no longer be used effectively and some other lifting method must be 
substituted. Fortunately, gas compressors and other incidental equipment used in 
gas-lift operation have a high salvage value, and only a part of the original capital cost 
of the facilities need be borne by the project to which they are currently assigned. 

GAS-LIFT EQUIPMENT 

Operation, of wells by the gas-lift method requires the proyision of 
specialized equipment that must be carefully selected and proportioned 
to secure efficient results. Equipment within the well is simple, con- 
sisting usually of merely an open-ended eduction tube of suitable diameter 
and length (see Fig. 81). However, this eduction tube will sometimes 
be made of graduated sizes of tubing in order to realize in some degree 
the theoretical advantages of tapered eduction tubes. Sometimes special 
^'foot pieces are used on the lower end of the eduction tube to effect a 
more intimate mixture of the oil and gas. Equipment at. the well-head 
includes some type of gas-tight head, an input gas manifold and suit- 
able valve control to permit of injecting the input gas either down through 
the tubing or down through the annular space between the casing and 
the tubing (Fig. 82). Other equipment situated at or near the well-head 
includes flow lines, an oil and gas separator, oil gaging facilities, pressure 
regulator and volimie-coritrol deduces for the input gas and a recording 
gas, meter for .the output gas. Occasionally also, a ,gas heater will,, be , 
provided to heat the input gas. A compressor plant, which is often 
situated some distance away from the wells, must be connected to the 
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oil ajicl gas separators with suction lines and to the well-heads with 
pressure gas transmission lines. ITsuall}^, a natural-gasoline extra 
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(From a paper by the author in National Petroleum News.) 
'es, pressure gages and fittings on a gas-lift well. 
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-Diagrammatic flow sheet illustrating relationship of parts of a gas-lift and 
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several parts of a typical plant incorporating both gas4ift operation of 
wells and extraction of natural gasoline from the output gas. 


Eduction Tubes 

Eductor tubes are commonly assembled of A.P.L standard tubing. A table of 
dimensions and weights of the several standard sizes of A.P.I, tubing will be found on 
page 237. For deep wells, the upset-end variety is preferred. The tubing is sus- 
pended in the well from the casing head, often with a tubing catcher near the lower 
end for added security and with the lower end some distance off bottom but extending 
well below the static fluid level. The size of tubing selected will depend upon the 
conditions presented, particularly upon the volume of fluid to be handled. The cross 
section of the tubing and the volume of fluid lifted per unit of time will determine the 
flow velocity, and this should not be excessive; otherwise, frictional losses will be 
unduly great. Flow velocities within the limits of 5 and 40 ft. per second are desirable 
and should be as low as possible at the lower end of the tubing in order that they be 
not excessive toward the top. The size of the eduction tube will also be limited by 
the diameter of the casing in which it is suspended, inasmuch as there must be a 
sufficient cross-sectional area in the annular space between the casing and the tubing 
to permit the gas to flow down to the bottom of the tubing without undue pressure 
loss. 

In American field practice, with productions of 5 to 2,000 bbl. per day, tubing 
diameters ranging from to 431 are found to be appropriate. Few wells have 
oil strings smaller than 634 w'hich permits of using tubing as large as 43^^ in. without 
excessive frictional loss in gas transmission through the annular space. Occasionally, 
eduction tubes as large as in. are used if the oil string is 834 in. or larger. The 
length of the eductor tube will depend upon the back pressure considered desirable, 
but for a given set of conditions there are limits beyond which satisfactory performance 
will not be obtained. For each well, at a given time in its productive life, there is a 
particular position for the lower end of the eduction tube that will give best results. 
If the tubing is set too low, heading may result; on the other hand, the gas will not 
permit as much oil to enter the tubing if it is set too high. These tendencies may, 
however, be offset to some extent by varying the pressure and volume of the circu- 
lated gas. Production is sometimes increased, sometimes diminished, by lowering 
the tubing. The pressure of the input gas is necessarily increased as the eduction 
tube is lengthened. Some California wells are equipped wdth eductor tubes as long 
as 7,600 ft., and there is no practical limitation on the depths from which oil may be 
lifted by this iiiethod, other than the strength of the tubing and the pressure to which 
it is practical to compress the gas. 

Tapeeed Eduction Tubes 

Tapered eduction tubes, constructed of graduated tubing with the large end 
uppermost, have been widely used, an effort being made in their design to increase the 
cross se<*tion of the tubing as the gas expands, thus tending to avoid excessive changes 
in ascending velocity. For example, in one %vell an eductor tube composed of about 
ijDCK) ft. each of 2, 234> 3 and 4 in. tubing was used, with the smaller sizes on the 
lower end. Long swaged nipples were used to connect the different sizes of tubing. 
Aga,in, in lifting a heavy viscous oil in the Cat Canyon field, Santa Barbara County, 
California, eduction tubes constructed of 4, 4% and 6f4-hi, tubing were found to be 

more efficient 'than the 4f4”ba. strings previously used. ' 



PNEUMATIC PUMPING OF OIL WELLS 


177 


Maximum flowing efiiciency is attained when the flow tubing is of such design 
that the fluid lifted has a constantly increasing ascending velocity. Tubing of 
iiiiiforni diameter throughout generally permits too rapid an acceleration in upward 
flow velocity, and hence excessive frictional loss. Although it would obviously be 
impractical to design a long string of tubing to secure uniformly increasing velocity 
of the fluid by simply connecting together cylindrical sections of different diameter, 
yet it is believed that a more nearly uniform acceleration is possible by this means 
than by using only one size of tubing throughout. In many instances where this 
has been done, improved efficiency has resulted but the advantage gained is apparently 
slight, and some authorities believe that it is not worth the additional trouble in 
design and expense in installation. In large wells with an ample supply of gas, and 
where efficiency in its use is less important, it seems probable that the use of graduated 
eduction tubes will restrict the rate of oil production somewhat. With smaller rates 
of production, ‘Hapered^^ eduction tubes become more advantageous. A graduated 
eduction tube also has the important disadvantage that its form prevents use of the 
swab, which is sometimes useful in starting a lift in operation. 

Kick-off” Valves and Collars 

The high pressures necessary in starting gas-lift wells are a disadvantage in that 
they often require costly high-pressure coniprcvssor equipment and connecting lines 
and fittings at the well-head. Furthermore, the use of starting pressures in excess of 
the formation pressure may result in. driving oil from the well back into the reservoir 
rock, wdiich is considered detrimental. A convenient means of reducing high starting 
pressures is to provide kick-off'^’ valves at appropriate inteivals along the eduction 
tube. These are small valves, frequently placed in special tubing collars, that admit 
circulated gas to the tubing from the annular space between the tubing and the casing, 
or vice versa, depending upon whether flow is up through the tubing or up through the 
annular space. A number of such valves may be used in a column of tubing, spaced 
several hundred feet apart toward the lower end of the column below the static fluid 
level. Instead of having to depress the unaerated fluid to the level of the bottom of 
the tubing before gas may enter and aerate the fluid in the eduction tube, gas may 
enter the tubing at each valve in turn, aerating the fluid above and starting flow before 
the fluid in the ca,sing is depressed to the lower end of the tubing. Correspondingly 
lower starting pressures result. After flow has been, established throughout the full 
length of the eductor tube, the pressure conditions wnthin the downward and ascending 
streams of gas are such that the valves remain closed and all gas flows to the bottom 
of the eduction tube before mixing with the ascending stream of oil and formational 
gas. 

Figure 84 illustrates four different types of kick-off valves. Some of these valves 
are designed to admit gas only from the annular space to the tubing, others from the 
tubing to the annular space and some permit the gas to flow in either direction. 

A more primitive type of “kick-off’’ device, used to some extent where high start- 
ing pressures are necessary, consists of a special perforated collar placed in the eduction 
tube, made of two parts that turn on each other as the tubing is rotated coimterclock- 
wise at the surface (see Fig. 84D). In one position of the two parts of the collar, small 
holes in each part line up to form a small aperture that permits gas to enter the educ- 
tion tube from the annular space, or vice versa. In starting the lift, the tubing is 
adjusted so that gas may enter the ascending fluid at some distance above the lower 
end of the eduction tube. After flow is established, the tubing is turned to close the 
collar opening so that all gas must enter through the lower end. Several perforated 
collars may be provided in the eduction string at different depths, each adjusted to 
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admit gas to tii6 asconding fiiiid at a different position of tlie tubing- In staiting tbe 
lift,, we may thus admit gas to the tubing at successively greater depths by merely 
turning the tubing at the surface. The lower end of the column of tubing must be 
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Fig. S4. — Devices for “kicking-off ” gas-lift wells. 

(n) aii<i (*) are types of Priee-Trawiek valves; (c) is an adaption of the Wortiiingtou “feather” valve; 
(li) a drniue type of perforated coupling. 


from turning. Tlris may be accomplislied b.y the use of a set of spring 
guides of tlie type used on tubing catchers (see page 238). 


Eductor-tube Foot Pieces 


Tlie earlier literature of the gas lift contains many descriptions of special types of 
^‘foot pieces” designed to be attached to the lower end of the eduction tube and 



Fig. 85. — Types of eductor-tube foot pieces designed 



having for their purpose the attainment of a more thorough or intimate mixture of the 
circulated gas with the liquid to be lifted. Figure 85 presents several designs that 
have been used or suggested., Although foot pieces may theoretically appear to have 
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certain advantages, practically they seem to have little or no effect on lift efficiency 
and they are now seldom used. It seems unlikely that any distribution of fluids, 
which may be achieved in the lower end of the eduction tube by use of a foot piece, 
can persist for any great distance during subsequent flow toward the surface. Some 
types of foot pieces are actually detrimental in that they restrict admission of fluids 
to the tubing and add back pressure on the productive formation, thus coiiipelling a 
smaller rate of oil production than might otherwise be realized. 


Casing Heads and Well-head Connections 


The casing head used must be of a type that will confine high-pressure gas between 
the tubing and casing without leakage. Figure 86 illustrates several appropriate 
patterns in which security against leakage is provided by packed glands or by the 
weight of the tubing against cone-shaped machined surfaces. Gas-input and lead-line 
connections vary somewhat, depending upon whether flow is to be up through the 




(After H. C. ]\Iiller, U. S. Bur. Mines.) 
Fig. 86. — Types of gas-tight casing heads used on gas-lift wells. 


tubing or up through the annular space about the tubing. Lead-line connections to 
the gas trap should be of appropriate diameter to avoid changes in flow velocity and 
should be free from constrictions and abrupt changes in direction in order to reduce 
frictional resistance to a minimum. The trap should preferably be supported at an 
elevated position so that oil flow from it may be by gravity. 

The input-gas connection at the well-head must be of pipe and fittings capable of 
withstanding the high starting pressures. Frequently a manifold is provided, with 
suitable valve control, so that the gas may be injected either into the tubing or into 
the annular space about the tubing — or alternately from one to the other — by manipu- 
lating two valves (see Fig. 87). Such a manifold is sometimes convenient in ‘‘rocking 
the fluid, a practice that may be employed in reducing high starting pressures when 
other facilities are not provided for this purpose. Gate valves or needle valves per- 
mitting of close regulation of input gas are used, rather than valves of other types, 
unless automatic volume- and pressure-control devices are provided. 

Input-gas Peessure- and Volume-control Devices 

For uniform operating conditions, it is desirable that the pressure and volume of 
the input gas be automatically regulated. Manual control of the pressure and volume 
of the circulated gas is feasible if conditions within the wells remain reasonably uni- 
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fornn, hut in many ca.ses the rates of influx of gas, oil and water into the wells vary 
from lime to time, necessitating changes in adjustments of valves controlling the 
volume and pressure of the circulated gas. At times when the volume of fluid entering 
the well increases, the pressure and volume of the circulated gas must be increased; 



Uftei H C 'hller U S Bur. Mines.) 

Fig. 87. — Sketch illustrating manifold and valve control at well-head for applying gas 
pressure either to the tubing or to the annular space between the tubing and casing of a 
gas-lift well. 

otherwise, fluid will accumulate and the well will ^'^die.” If enough gas to take care 
of the peak requirements is continuously circulated, there will be a surplus at times 
when the influx of fluid into the well is low and the over-all efficiency will be diminished. 
Where several wells draw upon a common header system for their supply of gas, vary- 
pressure conditions in different wells will occasion fluctuating pressures in the 
surface transmissioa lines, with corresponding variations in the volume of gas supplied. 
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Automatic devices are available for regulation of the input gas, some of which 
supply gas to the wells at a constant volume w’ith variable pressure conditions, whereas 
others automatically increase or diminish the pressure and volume of the input gas 
as pressure conditions within the well require. The former type of volume control is 
reasonably satisfactory under circumstances wherein the pressure conditions within 
the well remain reasonably constant, and the problem is merely one of adjusting for 
fluctuating pressure conditions within the surface transmission lines. The latter 
type is desirable in cases where pressure conditions are fluctuating within the w^ell. 

Figure 88 illustrates a type of equipment designed to maintain a constant rate of 
gas injection under fluctuating pressure conditions. An orifice meter, with typical 
float type differential gage, records the volume rate of flow through the gas-input 
transmission line. The differential gage is equipped wnth a controller mechanism, 
operated by the downstream gas pressure, which actuates a diaphragm valve of the 
throttling type on the upstream side of the orifice plate. An index arm on the face 



Fig. 88. — Input gas-volume regulating apparatus used in conjunction with gas-lift control. 


of the differential gage may be set to any desired differential pressure that will there- 
after be automatically maintained, irrespective of the pressure on the high-pressure 
side of the orifice plate. If, for any reason, the pressure on the upstream side of the 
orifice plate changes, the condition is reflected by a change in the recorded differential 
pressure and the valve is automatically opened or closed to compensate. 

A gas volume- and pressure-control apparatus that automatically increases or 
diminishes the volume of the injected gas, to compensate for changes in pressure 
conditions either within the well or within the surface transmission lines, is illustrated 
in Fig. 89. In this, an orifice meter is provided continuously to record both the 
pressure and volume of the gas entering the well, and the rate of flow is adjusted by 
means of the volume-control element to meet the average gas-volume requirement. 
A pressure element, exercising automatic control over the volume-control element, 
increases the volume of gas entering the well when the pressure on the downstream 
side increases and reduces the gas volume when the downstream pressure diminishes. 
More than the average supply of gas is circulated at times when large volumes of 
fluid are entering the well from the formation, and less than the average is supplied 










(From a paper by the author in National Petroleum News,) 
-Elevated gas trap and curved eduction tube used in conjunction with, gas-lift 
method of well operation. 


VII). The separator is frequently mounted at an elet^ation above the casing head, 
either on special supports provided in the derrick, or on a tower about 25 ft. high at one 
side (see Fig. 90). Pressures only slightly above atmospheric are maintained in the 
traps in order to reduce back pressure on the eduction tube to a minimum. Oil 
drainage from the separators into the near-by gage tanks is, if possible, by gravity; 
otherwise, the traps must be maintained under elevated pressure or transfer pumps 
must be employed. Gas outlets from the separators are connected through a suitable 
gas-gathering system with the suction intake ports of the gas compressors employed 
in compressing the gas for recycling. Sand and sediment, perhaps with some water, 
if present in the well fluid, are occasionally drained from the bottom of the separator. 
Additional water and sediment may accumulate in the flow tanks and are drained off 
from the oil before each run to the oil-gathering facilities. 
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OuTPXTT Gas Meter 

An orific^e meter, with recording differential gage on the gas outlet from the trap, 
provides a cruitiruioiis record of volume and pressure of the oiupiit gas from the well. 
T!m.‘ vfiluiiie of input gas subtracted from the total volume of output gas during a 
given time interval is a measure of the current production of gas from the reservoir 
rfvdv. The iormational gas-oil ratio is the principal measure of efficiency of utilization 
cjf reservoir energy ; hence, it is important to secure an accurate measure of both input 
and output gas volume. In any measurement of output gas, it is essential that the 
gas bc^ tra|)ped from the oil at pressures but little above atmospheric; otherwise, a 
eonsiderabh ainoiint of gas and vapor may be held in solution or in the liquid phase 
a,s a pju’t of the oil. As a residt, the formatioiial gas-oil ratios may appear to be 
unduly low. 


Oil Flow Tanks and Gaging Facilities 

Oil flow tanks and gaging facilities should be provided for each well. The flow 
tanks r(‘ceiving tlie oil from the gas separator may range from 100 to 2,000 bbl. in 
t*apacil 3 ', and two are provided fur each well with facilities for changing the flow alter- 
siatoiy 1‘niiii oin' to the fUher. Gil is allowed to accumulate in one of the two tanks 
until it is nviirly full; then tin* flow is directed into the second tank while the first is 
idlowf^l to settle in anticipation of drai!iing off water and sediment, gaging and then 
“rmiriitsg’’ through I lie gathering system to the main storage facilities or shipping 
poitit. (Jaging is perflirmed in either t;tnk by accurate depth measurements of the 
fluid after watfT and st'diment ha\'(‘ bmai drained off, or by measurement through an 
oil tneter placed on suction nr disidiargi* line from the flow tanks. The character 
of lankagi' used for this purpose and the routine of gaging are more fully described in 
Chap. \dll. 


Low-pressure Gas-gathering System 

If a centrai compressor plant serves a number of wells, it will be necessary to 
fumide a system of gathering lines to convey the “'wet'’ low-pressure gas from the 
gas si'pa raters to the compressor plant. The gas-gathering system is connected 
directly with the compressor suction intake and is often operated under partial vacuum. 

SSI I res at the gas separators are usually atmospheric or slightly above, whereas a 
lO-in. vacuum can usually be maintained at the compressor intake. With such a small 
diilrnential pressure, the gathering lines must be of large diameter, particularly if 
f.lnyv are long, in order that they may not offer undue flow resistance. They commonly 
range from 3 to 6 in. in diameter, tliough ga,thering lines as large as 16 in. are some- 
thnes iLSiai. 

Arningement of the gas-gathering system may be in accordance with either of 
two phins. One method employs two or more main gathering lines extending out 
troni flu* phint in difierent directions, ■with radiating laterals connecting at convenient 
poiiits to the several wells. The other system employs a single large-diameter loop 
tha;i makes the circuit of the group of wells served, with comparatively short laterals 
exic^nding from the main loop to the individual w^ells. The latter system is generally 
pnilijrred la^cause tliere are no “dead ends” and it is possible to maintain uniform 
prc'^sure throughout. 

Wet gas-gatliering systems must be laid out 'with due regard to gravity drainage 
of “drips” tliat may condense from the gas during flow. Condensed gasoline and 
water separaring from the gas during transmission tend to accumulate in the low 
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points in the gathering lines and, if in sufficient volume, seriouvsly interfere with fiow 
of the gas, particularly in cold weather when they may freeze. To avoid difficulty 
of this character, drips or small traps with suitable valve control are connected with 
the gas-gathering lines at all low points where fluids tend to accumulate (see Chap. X). 

Gas-compeessoe Plant 

For isolated wells, the compressor equipment may consist of a single unit situated 
near the well, but, where several near-by wells are to be operated, it is usually better 
practice to concentrate all of the compressor equipment in one well-appointed central 
plant, with transmission lines connecting with the individual wells. A gas-compressor 
plant can economically serve wells over a maximum distance of 2 miles under favorable 
conditions, but it is preferable that wells be not more than 1 mile distant under normal 
conditions. 


ompressing gas for gas-lift operation. 


Central plant design may provide a few large units or a greater number of smaller 
units. The latter plan is generally preferable as it is more flexible and adaptable to 
variable operating requirements. One or more ^bstand-by’’ compressors should be 
provided to maintain plant capacity at such times as repairs are necessary. Unless 
it should appear that the use of the gas-lift process is to be of very short duration, 
it will be found desirable to give careful attention to proper housing and mounting of 
the compressor equipment in permanent form (see Fig. 91). For temporary service, 
some operators make use of small portable compressors mounted on trucks, wdiich 
can be readily moved about from one location to another (see Fig. 92), The latter 
are especially useful in making preliminary tests on new wells to determine the most 
desirable operating conditions, and high-pressure portable units are oceasionaliy used 
as adjuncts to the ordinary compressor equipment in starting gas-lift w^ells requiring 
high initial pressures. 

Almost every make and type of compressor will be found in gas-lift service. Inas- 
much as the compressors must be capable of handlmg large volumes of gas with low 
suction and high discharge pressures, heavy-duty equipment is necessary. Two-stage 
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vmnptp^Xum is practically essential in economically attaining the required operating 
prcHsiires, jurI, where very high starting pressures are required, it may be necessary to 
use a i liird stage. lotercoolmg between the high- and low-pressure stages and addi- 
1 ionai cooling after the high-pressure stage are customary. The gas is passed through 
a trap or scrubber' to remove liquid and sediment before entering the low-pressure 
eonipressor cylinders. Discharge pressures from the low-pressure cylinders range 
from 75 to 150 ib. per square inch. Liquids condensed from the gas, as a result of 
coriipression, are trapped off before the gas enters the high-pressure cylinders. Dis- 
charge pressures from the second-stage cylinders range np to 600 lb. per square inch. 
Additioirai condensate is trapped from the high-pressure gas. Gas cooling in con- 
junction with gas-compressor plants is usually accomplished by passing the gas 
through pipe coils placed in a louvre type w^ater-spray cooling tower. The cooled 
gas is customarily passed through an accumulator tank where condensed fluids may 



(Courtesy of Sullivan Machinery Co.) 

Fw, 92. — Portable compressor suitable for gas-lift operation. V-type compressor driven by 
4-cylinder internal-combustion engine; capacity 310 cu. ft. per min. 

acciinudatc and be trapped off. If a third stage of compression is required, discharge 
pressures as great as 2,000-lb. per square inch may be attained. Often, one or more 
liigh-prc^ssure compressors will be pro\dded for use in starting wmlls. At other times, 
tiioy may serve as stand-by units or they may contribute regularly to the routine 
operating output of the plant. By provision of a suitable manifold, the suction 
inlets of the high-pressure units may be connected either with the ordinary wet-gas 
gathering lines or with the gas-distributing system from the compressor plant to the 
wells. When used for a third stage of compression, the high-pressure unit operates 
merely as a booster^* on a portion of the gas used in regular operation of the wells 
whicli it draws from the dry-gas-distributing system. Connections with the gas- 
€listril)uting lines to the wells are so designed that it is possible to isolate the line to 
any %vell from the rest of the gas-distributing system at such times as it is necessary 
to use the higher pressure.* ; ■ ■ 

* A detai!<ai <ii[scusHiou of the th(!ory and practice of gas compression is aside from 
the purpose of the present work; For a detailed {iiscussion of principles and descrip- 
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The compressor-plant capacity will depend upon the niimber of wells to be operated 
and their gas volimie and pressure requirements. The number of compressoi’s to be 
installed will depend upon the gross output of gas required and their individual 
capacity. Individual units range in capacit}’ from 150 to 650 cii. ft. per minute from 
atmospheric to 300 lb. per square inch pressure, and in some plants as many as 30 
compressors have been installed. Plants capable of compressing 8,000,000 to 12,000,- 
000 cu. ft. of gas per day (measured at atmospheric pressure) to pressures of 300 lb. 
or more, are common. Thirt}?" or more wells are operated by some of the larger plants. 
The volume of gas needed is a maximum when -the gas lift is installed, diminishing 
rapidly as the well ages and production declines. This leads to plant inefficiency and 
idle compressor capacity, but large operators are able to reahze a high percentage 
utilization of their equipment by moving compressors no longer needed on a declining 
property to other properties where lifts are being newly installed. In newly developed 
areas, it is sometimes possible to reduce the initial peak compressor capacity by using 
gas from high-pressure w'ells in the vicinity of the wells to be operated by gas lift. 
Often such wells are operated under back pressures of 500 lb. or more so that the gas 
may be injected into other wells operated under lower pressure without compression. 
Some high-pressure wells produce enough gas to flow several gas-lift wells. Even 
though the gas is not of sufficient pressure to permit of its use witliout >soine compres- 
sion, it may be possible to compress it to the necessary pressure in on(‘ stag<‘ of com- 
pression instead of two, thus increasing the plant capacity. Compressor ctipacity 
is greatly increased by moderate increase in intake pressure. In some mstaiices, an 
inexpensive booster plant wall increase the intake pressure sufficientby to save the 
capital outlay and operating charges on additional coinpressors. 

Compressors may be direct-driven b}^ tAvo- or four-cycle horizorital-cvlindcr gas 
engines, or by electric motors with belt drive. Vertical multicylind(^i automolive- 
type gas engines are occasionally used, particularly on portable coTupicssor equip- 
ment. Steam power is only rarely employed. Horizontal diiect-connc'cted gas 
engines have the advantage of comparatively low operating cost (avuIi fre(‘ gas), long 
life, high salvage value and little interruption in service. Their first co^l, however, 
is greater than that of electric motors, and more time is requii’(‘d for mstaliafioii. 
Electric motors have the advantage of low initial cost, speedy installation, a lugh 
percentage of operating time, low depreciation rate and high salvage value. The 
operating cost, hoAvever, is generally high except where very favoi*a])le rate's a,re 
charged for electrical energy. Vertical multicylinder engines hav(^ the adv:intage of 
rapid installation and low installation cost and arc readily portable, Maintenance 
costs Avith this type of poAver unit are high, however, and they are doA\-n for repairs a 
greater percentage of the time than the more rugged horizontal engines and electric 
motors. The engines .and motors used range up to 640 hp. One horsepower Avill 
compress 2,400 to 6,500 cu. ft. of gas from atmospheric to 300 lb. per square inch 
pressure, the average being about 4,150 cu. ft. 

High-pressure Gas Transmission Lines 

A system of pipe lines must be proxdded for transmission of the high-pressure gfis 
from the compressor plant to the individual wells. Sucli pipe lines are customarily 
2 or 3 in. in diameter, and all pipe and fittings used must be of adequate strength to 
withstand the inaximum gas pressure necessary. Test pressures specified for fitt ings 
used on high-pressure lines range from 1,500 to 4,000 lb, per square incli. In order to 
avoid undue pressure loss in transmission, the distributing lines should be of ample 

tions of the mechanical equipment . employed,' the reader is referred to .the .several 
books on the subject of gas and air compression listed at the end of the chapter. 
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cross section, flow velocities in excess of 400 ft. per second being undesirable. A 2-in. 
line 1,000 ft. long is capable of transmitting 750,000 cu. ft. of 300 lb. gas per day 
without excessive pressure loss. The pressure loss in transmitting gas through pipe 
lines, under specified conditions, can be computed with the aid of the Fanning or 
Weymouth formulas, as explained in a later section (see Chap. X). 

Gas may be distributed from the compressor plant in accordance with either of 
two plans. Each well or group of wells may be regularly served by one or more com- 
pressors with their own individual transmission lines. The alternative plan provides 
that the gas from all of the compressors be led to a common header from which dis- 
tribution is effected to the individual wells by separate transmission lines. A common 
header has the advantage of greater flexibility. If it becomes necessary to shut down 
a compressor for repairs, all the wells may still be maintained in operation, without 
interruption in service to any well, by increasing the speed of the remaining units or 
starting a stand-by unit. A disadvantage of the common header system is that the 
pressure maintained on the entire distributing system, up to the point where the 
pressure controls on the individual lines are placed, must be as great as or greater than 
that required by the highest pressure well. "Where some of the wells require materially 
higher operating pressures than others, a double header system, maintained under 
different pressures, is sometimes advantageous. One of the two headers may be 
used on occasion for ^‘breaking out” high fluid-level wells requiring high starting 
pressures. 

Gas-distributing headers ma}^ be constructed of sections of large-diameter casing 
(oft(3n 8 or 10 in.) with closed ends and with the take-offs for transmission lines to the 
several wells welded into the side. A 4- or 6-in. line connects the header with the 
compressor plant. Each distrilniting line leaving the header has its own individual 
control valve, which is preferably of needle type, to facilitate close regulation of 
volume and pressure. If volume and pressure control devices are employed on. the 
individual transmission lines, they are preferably grouped together at or near the 
header (see Fig. 93). This arrangement facilitates inspection and adjustment. A 
scrubber on tlie main discharge line from the compressor plant to the distributing 
header serves to remove any condensed liquid that might otherwise freeze in the 
transmission lines in cold weather. Drips and gas heaters and burying the distribut- 
ing lines in the earth give added protection. During the cold season of the year, 
some operators regularly add a small quantity of alcohol to the gas discharged from 
the compressor plants to reduce freezing tendencies. 

Gas Heatees 

Gas heaters are sometimes used near the casing heads of wells on the gas trans- 
mission lines to heat the injected gas just before it enters the wells. Heat serves not 
only to increase the expansive energy of the gas and to reduce the oil viscosity, but 
also to offset to some extent the cooling tendency of the expanding gas within the 
eduction tube, thus preventing the formation of troublesome paraffin deposits. The 
gas heater employed may consist of a small furnace, burning gas as fuel, to heat a 
coil of pipe through which the compressed gas passes, or it may be a simple heat 
exchanger, constructed of telescoping sections of pipe, utilizing steam as the heating 
agent. Because of the low^er fire risk, the latter type of heater is preferred if steam is 
available, but the cost is excessive if steam has to be developed and transmitted to 
the wells exclusively for this purpose. 

Exteactioh of Gasoline fbom Circulated Gas in Gas-lift Operation 

Wliere a number of wells are operated by the gas-lift method, it is often profitable 
to install a recovery plant for extraction of the gasoime vapor from the wet gas. The 
gas trapped from the oil after reaching the surface is often rich in condensable vapors, 
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a condition whicli is promoted by the intimate admixture of the oil and gas during 
their ascent through the eduction tube. It is tlierefore a profitable source of revenue 
as raw material for gasoline production if an ^absorption or compression plant is 
provided to accomplish its extraction. Such a plant is often an integral part of the 
surface equipment, the gas being stripped of its gasoline content while the residue 
'‘dry’’ gas is recycled through the wells to lift additional oil. Slirinkage in volume 
of gas resulting from extraction of the gasoline, and including such gas as is used in 
operating the gas engines that drive the compressors, may aggregate as much as 
25 per cent. Normally, however, about 85 per cent of the gas entering the compressor 
plant will be recycled to the wells after extracting the gasoline. The loss in gas 
volume, as a result of gasoline extraction and power development, is more than offset, 
in most cases, by the formational gas added to the circulated gas with each passage 
through the well, so that there is ordinarily no shortage. On the contrary, there 



Fig. 93. — Pipe lines and control devices for distributing; compressed gas from central 
compressor plant to gas-lift wells, Santa Fe Springs field, California. 


is usually a surplus of dry gas that may be taken from the gas-lift system for other 
purposes. Extraction of the gasoline preferably follows compression of the gas, 
and the gasoline-recovery plant is usually operated as an adjunct of the gas-compres- 
sor plant. Figure 83 presents a diagrammatic flow sheet of a typical gas-lift installa- 
tion operated in conjunction with a gasoline extraction plant, utilizing both the 
compression and absorption methods. In this case, the absorption plant is placed 
between the low and high-pressure stages of the compressor plant, l:)ut the absorption 
equipment may receive the gas after it has passed through the second stage of 
compression. 

* It is not within the purpose of the present -work to describe the processes used in 
extracting gasoline from natural gas. For descriptions of the metliods and equipment 
used in this art, the reader is referred to the following books: 

Buekell, G. a., “The Recovery of Gasoline from Natural Gas,” Reinhold 
Publishing Corporation, New York, 1925. 

Obeefell, G. G., and Alden, R. C., “Natural Gasoline,” published privately 
by the authors in 1924. 
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GAS-LIFT OPERATING DATA 

Hfiviiift' described,, in the foregoing sections of this chapter, the general 
features of tl'ie gas lift and equipment employed, the physical factors con- 
trolling its efficiency and its advantages and disadvantages in oil-well 
service, we are now in a position to consider some of the operating details 
and results achieved in field application of the method. 


Starting Flow in Gas-lift Wells 

As previously explained, the starting pressures necessary in operation 
of gas-lift wells are usually materially higher than the routine operating 
pressures, and difficulty is sometimes experienced in building up pressures 
sufficiently high to establish the initial flow. Several devices are available 
for reducing the necessary ^‘kick-off pressure. One of the most effective 
methods is that involving use of special ^'kick-off’' valves in the fiow 
tiibing, as explained in an earlier section of the present chapter (see page 
177). Other methods frequently used, involving little or no special 
eqiiipnierit, ineliide swabbing, ^trocking the fluid, raising the tubing and 
injecting oil into the well with tlie circulated gas. 

Swabbing to induce flovr in wells has been previously described (see 
voi. 1 of this work, Oil-Field Development,^^ page 419, and in the 
|)n?s(‘nt volume pages 111 and 217), and no additional features of the 
swal)biiig method are necessary in its application to the gas lift. A short 
straiglit-upward extension of the eductor tube is provided on the Christ- 
mas-tree assembly, controlled by a gate-type of valve opening to the full 
diameter of the tubing. With this valve wide open, the swab may be 
lowered directly into the eductor tube until it enters the fluid and pene- 
trates to some depth below the static fluid level. The swab is then 
hoisted rapidly to the surface, lifting the overlying fluid ahead of it and 
creating suction on the column of fluid below. Overcoming the inertia 
of the fluid in the eductor tube in this way and simultaneously forcing 
compressed gas into the annular space about the tubing, it is possible to 
depress the accumulated oil in the annular space to the open lower end 
of the tubing with a materially lower pressure than would be possible 
without the aid of the swab. Once gas enters the lower end of the educ- 
tion tube, flow continues as long as proper pressure conditions are 
maintained. 

In rocking the fluid” to induce flow, high-pressure gas is alternately 
injected, first into the eductor tube and then into the annular space 
hfdween the tubing and casing. Sufficient pressure must be used to force 
all t he oil out of the tubing. The cross-sectional area in the annular space 
is oltcai greater than that of the tubing. If this is the case, by applying 
gas pressure to the upper end of the tubing, the oil can be depressed within 
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the tubing so that gas flows out through the lower end into the aiiiiiilar 
space j with less pressure than w^ouid.be necessary to depress the liquid 
in the" annular space and cause gas to enter the tubing. This is because 
the column of oil forced to rise in the tubing, when gas is applied between 
the casing and tubing, is longer and develops a greater static pressure 
than the column of oil forced up into the annular space when the gas is 
applied to the tubing. Forcing gas into the oil in the annular space 
aerates the fluid so that when the direction of flow is suddenly reversed 
the lower density fluid rises rapidly in the tubing, accompanied by gas 
expansion, inertia is overcome and flow occurs. It may be necessary to 
reverse the direction of flow several times before the entire volume of 
fluid in the well is sufficiently aerated to bring about a coiiditioii of con- 
tinuous flow. Rapid alternation in the direction of flow of the injected 
gas is made possible by a pipe manifold with suitable valve control, 
situated near the well-head (see Fig. 87). 

It is apparent that less gas pressure is required to depress the fluid and 
cause gas to flow from or into the open lower end of th(‘ ediudion tube 
wdien the low^er end of the tube is only slightly immersed 1 luiu when it is 
placed far below the static fluid level in the well. Starting pi-(‘ssures may 
therefore be reduced by raising the tubing, establishing fiov; and then 
gradually lo waning the tubing to its normal operating position. This 
method is not widely used, however, because of the difliciilty of con- 
veniently and rapidly adjusting’^ the length of the eduction tube in the 
well. 

A very effective method of reducing gas-lift starting pressures involves 
injecting oil into the annular space with the high-pressure gas. The oil 
so injected becomes fully aerated by its intimate contact with the gas in 
flowing down within the casing, and accumulating in the annular space, 
develops static pressure that relieves, by so much, the pressure of gas 
necessary to establish flowo If it were desired to establish fiow^ up through 
the annular space, the oil and gas wmuld, of course, be injected into the 
upper end of the tubing. Special pix)e connections with suitable valve 
control must be established between the casing head and a stock tank 
containing oil. A high-pressure reciprocating pump on the oil line 
creates an injection pressure approximately equal to that of the high- 
pressure gas. 

Flow thi^ough the Tubing versus Flow' through the xInnular Space 

BETWEEN THE TUBING ANI)' CASING 

As previously explained (see page 158), flow" in operation of a gas lift 
may be either up through the tubing or up through the annular spa<*ci 
between the tubing. and casing. ..'Both. are.' common in gas-lift practice, 
•and either may be more advantageous than the other under particular 
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conditions. Generally, greater efficiency is attained by flowing up 
through the tubing as less high-pressure gas is required to maintain proper 
ascending velocities of the fluid and there is less turbulence induced in 
flowing through the smooth interior of a column of tubing than through 
the annular space, the free cross section of which is restricted at intervals 
by the collars on the tubing. Excessive turbulence is particularly 
objectionable when water accompanies the oil. On the other hand, where 
the well casings are not secure against gas leakage under high pressure or 
where low-pressure ^Hhief^^ sands are exposed in the well, loss oi high- 
pressure gas may compel flow up through the annular space. Occasion- 
ally, too, under a particular set of conditions, larger quantities of fluid 
may be lifted with a given pressure and volume of gas when flow is up 
through the annular space than when it is up through the tubing. If 
connections and valve controls at the well-head are so arranged that flow 
may be in either direction, the operator virtually has at his command two 
different lifts for use in each well and may use the one that gives the best 
result under the existing conditions. As conditions change, he may 
change from one to the other. 

Adjustment op Input-gas Volume and Pressuke 

Though it is possible, in some degree, to predesign a gas lift to meet 
particular requirements, yet, when finally installed, adjustments of the 
operating conditions are nearly always ifecessary. In an existing installa- 
tion, with tubing of a certain size fixed at a given depth in a w^ell, the 
operator has only two variables under his control. These are the pressure 
and volume of the input gas. Very often, a single valve controls both, 
so that he may not vary one of these two factors without simultaneously 
varying the other. Automatic volume and pressure regulators, however, 
provide a means of varying either or both of these variables (see page 179). 

The operator strives by such adjustments as are possible with the 
existing input gas controls (1) to secure steady flow, without tendency to 
surge or head, and (2) to secure the most satisfactory performance from 
the production standpoint. What the operator may regard as satis- 
factory, in this regard, will depend upon whether he wishes to secure the 
maximum rate of production of oil, wffiether he desires a minimum forma- 
tionai gas-oil ratio or whether he wishes to achieve maximum efficiency 
in utilization of the circulated gas. Usually only one of these objectives 
may be realized with a particular adjustment of input gas volume and 
pressure. The adjustment adopted will often be determined by a com- 
promise between the desirable objectives. Competitive conditions may 
require maintenance of the maximum possible rate of oil production, 
irrespective of efficiency. Proration regulations, on the other hand, may 
so restrict output that maximum production is no longer a consideration. 
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In this ©vent, stress will be placed on efficiency. If by efficiency we 
mean minimum unit lifting cost or maximum efficiency in utilization of 
the circulated gas, we adjust the volume and pressure of the input gas 
to secure the smallest possible volume of input gas per unit volume of oil 
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Fig. 94. — Illustrating relation between output gas and oil lifted in gas-lift operation of a 

well. 



lifted. If we strive for maximum ultimate recovery of oil from the 
reservoir rock, we may focus our attention on the back pressure main- 
tained on the productive sand and so regulate the input gas pressure and 
volume as to secure the lowest possible formational gas-oil ratio. The 
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Fig. 95. — Illustrating relation between bottom-hole pressure and productive capacity of a 

gas-lift well. 

latter objective should be uppermost in the mind of the operator unless 
circumstances require that one of the other objectives must be dominant. 

Figure 94 presents a graph which shows the relation existing between 
the rate of output gas production and the rate of oil production for a 
particular set of conditions. The maximum rate of oil production (point 
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C) is 1,500 bbl. per day with a rate of gas production of 2,200 cii. ft.^ per 
minute. At the point of maximum lifting efficiency (point B) determined 
by the point of tangency of a line drawn tangent to the cm ve thiough the 
origin, the rate of oil production is 1,000 bbl. per day, whereas the rate of 
output gas flow is 1,000 cu. ft. per minute. Figure 95 shows the relation 
existing between rate of oil production and depth of tubing in the well for 
a given installation. 

As the rate of oil production diminishes to low levels, the volume of gas 
that must be circulated per barrel of oil lifted ordinarily increases rapidly. 
Table X presents data taken from the records of a group of typical 
California gas-lift wells^^ producing through about 4,000 ft. of S-iii. 
tubing. Larger rates of production than 500 bbl. per day require increas- 
ing gas-oil ratios if the same size of tubing is used. For each size of 
tubing there is a certain rate of oil production that may be lifted wdth 
minimum output gas-oil ratio, the ratio increasing as production trends 
toward either higher or lower values. 


Table X. — Operating Data for a Group op Gas-lift Wells'^ 

(Wells were being produced under average gas-lift operating conditions throiigli about 

4,000 ft. of 3-in. tubing) 


Oil produc- 
tion, bbl. 
per day 

Maximum 

Minimum 

Average 

Volume 
of gas 
pumped to 
well, 1,000 
Cll. ft. 
per day 

Input gas- 
oil ratio, 
cu. ft. 
per bbl. 

Volume 
of gas 
pumped to 
well, 1,000 
cu. ft. 
per day 

Input gas- 
oil ratio, 
cu. ft. 
per bbl. 

Volume 
of gas 
pumped to 
well, 1,000 
cu. ft. 
per day 

Input gas- 
oil ratio, 
cu. ft. 
per bbl. 

50 

550 

11,000 

50 

1,000 

175 

3,500 

100 

585 

5,850 

60 

600 

! 200 

2,000 

200 

660 

3,300 

100 

500 

275 

1,375 

300 

750 ■ 

2,500 

150 

500 

350 

1,166 

400 

875 

2,190 

220 

550 

450 

1,125 

500 

1,000 

2,000 

300 

600 

550 

1,120 

600 

1,150 

1,910 

420 

700 

700 

1,166 

700 

1,400 

2,000 

550 

786 

850 

1,215 

800 

1,800 

2,250 

800 

1,000 

1,100 

1,375 


* After H. C. Miller, XJ. S. Bur. Mines, Bull. 323. 


Table XI presents data on input, output and formational gas-oil 
ratios, input gas pressure, rate of oil production and length and diameter 
of eduction tubes for typical gas-lift installations in the California fields. 

Adjustment of input gas pressure and volume must be determined by 
careful analysis of records secured by accurate gaging of the rates of 
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flow of oil and input and output gas. Subtraction of the rate of input 
gas from that of the output gas gives the current rate of production of 
formational gas. From these figures, the input, output and formational 
gas-oil ratios may be computed. At times when preliminary adjust- 
ments on a new gas-lift installation are being made, the rate of oil pro- 
duction and the gas input, output and formational gas-oil ratios are 
determined hourly. 

Table XI. — Operating Data for a Group of Typical Gas-lift Wells in the 

California Fields* 

(In all of these wells flow was maintained through tubing. Figures for wells 1 to 9, 
inclusive, are monthly averages; the remainder are 1-day averages) , 


Daily 
average 
oil pro- 
duction, 
bbl. 

Casing- 
head 
pressure, 
lb. per 
sq. in. 

Input 
gas-oil 
ratio, 
cu. ft. 
per bbl. 

Forma- 
tion 
gas-oil 
ratio, 
cu. ft. 
per bbl. 

Output 
gas-oil 
ratio, 
cu. ft. 
per bbl. 

Months 

after 

initial 

gas-lift 

installa- 

tion 

395 

150 

500 

1,241 

1,741 

8 

367 

140 

393 

1,359 

1,752 

17 

549 

175 

600 

1,044 

1,644 

11 

267 

150 

1,190 

1,326 

2,516 

23 

274 

150 

678 

1,916 

2,594 

9 

120 

115 

1,075 

2,783 

3,858 

23 

83 

125. 

2,700 

2,687 

5,380 

27 

810 

230 

785 

1,570 

2,355 

2 

580 

200 

705 

981 

1,686 

10 

173 

170 

l,735t 

1,046 

2,620t 

40 

643 

220 

992 

437 

1,429 

11 

692 

200 

1,380 

439 

2,819 

26 

745 

174 

1,020 

639 

1,665 

35 

345 

190 

1,740 

1,500 

3,240 

2 

322 

165 

2,330 

1,650 

3,970 

3 

172 

150 

5,040 

4,570 

9,610 

3 

66 

140 

10,420 

4,636 

15,056 

8 

174 

65 

3,900 

2,638 

6,538 1 

2 

65 

65 

11,660 

5,292 

16,952 

22 


* After H. C. Miller, U. S. Bur. Mines, Bull 323. 
t Based on total fluid lifted, which contained 15 per cent of water. 
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’ ; GaS“LIFt Production Records 

Records of daily oil production, gas production, formational gas-oil 
ratio, daily input gas volume and pressure and daily output volume are 
conveniently maintained in graphic form, as illustrated in Fig. 96. 

Inspection of such a set of graphs 
will show at once any unusual vari- 
ation in these factors and will be 
suggestive of occasional readjust- 
ments that will maintain maximum 
operating efSciency. As time 
passes, normal decline of formation 
pressure and the diminishing 
quantities of oil and gas available 
to the well from the productive 
formation are responsible for a 
continual decline in the rate of 
production of oil and formational 
gas. The formational gas-oil ratio 
and gross output gas-oil ratio cus- 
tomarily increase as the well ages, 
though the input and output gas 
volumes usually decrease. 

Eventually, the rate of oil pro- 
duction falls to so low a level and 
the ratio of the volume of gas cir- 
culated to the volume of oil lifted 
becomes so great that operating 
0 10 20 30 40^^50 60 70 60 90 efficiency falls to prohibitively 
{After H. C. Miller, U. S. Bur. Mines.) Small ValuCS. The Ullit lifting 

Fig. 96.-Graphic production records for a cost increases Until Operations 

g£lS— illtj W6ll. , ^ 

become unprofitable and some 

other method of lifting must be adopted. This may be intermittent 
gas lilting or mechanical pumping. The minimum economic rate of 
production by continuous gas lift varies within wide limits, depending 
upon conditions, but probably ranges between 50 and 300 bbl. per day 
in most cases. However, it is very doubtful if daily oil productions as 
low as 50 bbl. per day could be profitably handled by continuous gas 
hft unless the gasoline vapor in the gas were recovered and the cost of 
gas compression or a large part of it were charged against the natural 
gasoline recovery plant. Considered from the standpoint of gas-lift 
economy alone, it is probable that 150 bbl. per day would be about the 
lower limit for continuous operation in most eases. 
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The Cost of Gas-lifting Oil 

The greater part of the cost of gas lifting is involved in the item of 
gas compression. For compressing up to pressures of about 300 lb. per 
square inch, costs range from 1.75 to 6.5 cts. per thousand cubic feet 
(measured at atmospheric pressure), depending upon the plant capacity 
and type of power employed. The average cost in the California fields 
is about 3:^4 cts. per thousand cubic feet. Compression with gas-engine- 
powered compressors generally costs somewhat less than with compressors 
driven by electric motors. Compression in steam-driven compressors 
is considerably more costly than in either gas-engine-powered or elec- 
trically driven compressors. Accounting methods differ widely however, 
and costs charged for gas and electrical energy vary within wide limits; 
hence, it is difficult to make true comparisons as between the results 
obtained by different operators or in different fields. Capital costs of 
compressor plants in the California fields range from $6.75 to $27.50 
per thousand cubic feet of daily capacity, averaging about $15. This 
includes the cost of gas lines to the wells, gas regulators, meters, gages 
and headers. Computed on a per-well-served basis, the capital cost of 
gas compression, transmission and control equipment ranges from $2,250 
to $12,500 per well, averaging about $5,700 per well. 

Total lifting costs in the California fields by the gas-lift method, for 
wells producing 100 to 550 bbl. dail}^ from depths of 2,600 to 5,000 ft., 
range from 5 to 13 cts. per barrel, aA^^eraging about 8 cts. per barrel. 
These figures include only the cost of labor and materials necessary for 
the operation and maintenance of the gas-lift equipment and the cost of 
compressing the gas used, in lifting the oil. Many other items that go 
to make up the larger item of total production cost are separately con- 
sidered. The labor cost of gas-lift operation and maintenance varies 
widely. Some gas-lift wells produce continually, month after month, 
with very little attention, the shut-down time of the wells by this method 
being comparatively low. The operator in charge perhaps makes but 
one visit to the well each day and then has little to do except to change 
the meter charts, gage the oil production and make such minor adjust- 
ments as conditions may require. One California company, operating 
80 Avidely scattered gas-lift wells, employed only nine men — three on 
each 8-hr. tour — to look after them. It is estimated that the maintenance 
cost for typical California gas-lift operations is about 2 cts. per barrel. 
The unit cost of gas-lifting depends chiefly upon the rate of oil production 
of the wells, high production rates yielding the lowest per-barrel costs. 

SPECIAL FORMS OF GAS LIFTS 

A number of modifications of the common form of gas-lift, described in 
the foregoing pages, have been proposed, and several have found appli- 
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{After B. C, Miller, U. Bur. Mines.) 
Fia. 97*“— Sketch illustrating arrange- 
ment of well equipment for multistage 
system of gas lifting. 


cation under conditions that are 
regarded as difficult or unfavorable 
for the ordinary type of lift. ' ' Stage 
lifting has been devised with the 
purpose of reducing starting and 
operating gas pressures and attain- 
ing greater lift efficiency. Gas lifts 
designed to operate intermittently 
are useful in lifting oil from wells 
that produce too little oil to permit 
of efficient operation by continuous 
methods and are finding wide appli- 
cation under conditions that were 
formerly thought to require the use 
of mechanical pumps. 

Stage Gas Lifts 

It has been shown in foregoing 
sections of this chapter that the effi- 
ciency attained in gas lifting dimin- 
ishes with the submergence^^ and 
that long eduction tubes customarily 
require high starting and operal^ing 
pressures, thus developing high back 
pressure against the productive for- 
mation. The back pressure thus 
developed is a factor that limits the 
period of application of the gas lift, 
for the well will not produce unless 
the formation pressure exceeds the 
back pressure imposed by the lift. 
Lifting oil from shallow depths or 
under conditions that impose a mini- 
mum of back pressure on the pro- 
ductive formation is likely to be 
more efficient than gas lifting from 
deeper wells where the back pressure 
imposed is high. Knowledge of 
these relationships has led to the 
proposal that oil might be lifted 
more advantageously from deep 
wells in two or more stages rather 
than a single lift. 
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Stage lifting is theoretically attractive, but practically it is difficult of 
attainment because of the complex system of tubing and gas-pressure and 
volume control that is necessary. However, it has been shown to be 
technically feasible to devise tubing installations that, in effect, divide the 
well into two or more separate compartments, one above another, with 
separate gas-supply connections and provision for flowing oil from one to 
another. For example, Fig. 97 illustrates a multistage system of gas 
lifting wherein the eduction tube and a larger concentric tube about it are 
divided into five different compartments, in the bottom of each of which 
a ball valve is placed. A packer about the inner tubing closes the annular 
space between it and the outer tubing at the level of each valve. Com- 
pressed gas is led into the annular space by means of twm pipes a and 6, 
the former of which connects with chambers 1, 3 and 5, whereas b supplies 
gas to chambers 2 and 4. A mechanically operated three-way valve, at 
the surface, switches the flow of high-pressure gas alternately from one 
pipe to the other. Gas is thus alternately applied to the odd-numbered 
and then to the even-numbered chambers, each chamber filling with 
oil and gas from the one below during one cycle and discharging to the one 
above during the next. The back pressure imposed against the produc- 
tive formation in the operation of such an installation is only about 
one-fifth that created by a single lift of equal height. A disadvantage of 
this device is the difficulty of installing four strings of pipe in the well at 
once and keeping the different valves and packers in their working posi- 
tions while the tubes are being lowered. If the well fluid carries much 
sand and the valves and seats must be repaired occasionally, a consider- 
able problem is presented in removing and replacing all of the equipment 
in the well. 

INTERMITTENT-FLOW DEVICES 

When a well that has been equipped for gas-lift operation has declined 
in productivity to such an extent that there is no longer sufficient fluid 
available to support continuous flow without circulating an excessive 
volume of gas, or when the static fluid level in the well has reached a point 
such that an adequate submergence of the lower end of the eduction tube 
is no longer available, we may find it possible to continue operation of the 
well by flowing intermittently instead of continuously. Intermittent gas 
lifting, as its name implies, involves periodic cessation of flow. During 
the period of quiescence there is comparatively little back pressure 
imposed against the reservoir rock, so that the fluid level rises to an eleva- 
tion considerably above the low'er end of the eduction tube. High- 
pressure gas is then applied, either to the upper end of the tubing or to 
the annular space between the tubing and the casing at the casing head, 
thus causing the accumulated fluid in the well to be ejected through the 
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annular space or through the tubing. The oil is displaced upward with 
less aeration than is usual in operation of the continuous gas lift, though 
some slippage of gas through the oil is inevitable. When most of the oil 
has been ejected and the fluid delivered from the well at the surface is 
mostly gas, the supply of high-pressure input gas is cut off and oil is 
again allowed to accumulate in the well in preparation for the next flow 
period. The cycle of operation may be but a few minutes or it may be 
several hours or even days, the length of the rest period being dependent 
upon the rate of influx of oil into the well. The volume and pressure 
of the gas injected are governed by the time and force required to raise 
the accumulated oil to the surface. 

This system requires no additional well equipment beyond what is 
employed in continuous gas-lift operation. The surface equipment, how- 
ever, must provide the added feature of a means for periodically turning 
on and off the supply of input gas. Though this may be accomplished 
by manual control, where the interval between cycles is short it may be 
more economically and efficiently done by automatic means. Devices 
called ^^intermitters^’ are available for this purpose, some of which operate 
electrically, whereas some are pneumatically actuated. 

^MAT’^ Intermittent Gas-lift Timing-control Equipment 

The intermittent gas-lift timing-control equipment is designed to control 

the flow of high-pressure gas to a group of gas-lift w^ells so that at regular time intervals 
each well receives the necessary amount of gas to establish flow. After the accumu- 
lated oil has been ejected from the well, the high-pressure control valve is automatically 
closed. An ele{3trically operated valve is placed on the gas-distributing line to each 
well, the opening and closing of all of the valves being controlled from a central 
mechanism called a ^^gastributor.” An electrical conductor connects each valve 
with the central control mechanism. 

The gastributor, illustrated in Fig. 98, consists of a series of timing wheels, hori- 
zontally mounted on a vertical shaft that is caused to revolve slowdy by a small electric 
motor and a train of speed-reducing gears. On the edges of the timing wheels are 
attached adjustable trip ‘^fingers.” With every revolution of the timing wheel, each 
finger establishes an electrical connection that actuates a mercury switch, closing an 
electrical circuit controlling a magnetically operated valve on a high-pressure gas line 
leading to one of the wells. Duration of the flow of high-pressure gas is the same for 
each well and may be controlled within certain limits by means of a screw adjustment 
on the rack that supports the contact mechanism on the gastributor. By appropriate 
gear adjustments, the speed of rotation of the timing gears may be varied from 1 to 
4 hr. per revolution. As many trip fingers as are desired may be attached to the 
edge of each timing wheel, so that the time between flows at individual wells may be 
varied from but a few minutes to as much as 4 hr. In some installations, as many as 
20 wells are controlled from one gastributor. The control valves on the high-pressure 
gas lines are preferably placed near the wells but may be grouped together near the 
header from which the gas distributing lines take off to the individual W©lls. 

* Manufactured by Jordan & Taylor, Inc., Torrance, Calif. 
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The JAT magnetic valve (see Mg. 99), designed for use with the gastributor, is 
entirely automatic in its operation. When the gastributor closes the electric circuit 
with which the valve is connected, current flows through an electromagnet that opens 
a small pilot valve. This permits high-pressure gas from the distributing line to 
depress a piston on the valve stem, thus opening the main valve, which permits gas 
to pass through to the well. At the end of the injection period, the gastributor opens 
the electric circuit, releasing the magnet and allowing the pilot valve to close. A 
relief port opens simultaneously, and the pressure above the piston on the valve stem 


{Courtesy of National Supply Corp.) 

Fig. 98. — The “Gastributor,” timing device used in conjunction with the “JAT” system 

of intermittent gas lift. 

is dissipated, allowing the tension maintained by a heavy spring to close the main 
valve. The main valve is of the single-seated unbalanced poppet type, designed for 
a working pressure of 1,000 lb. per square inch, and, when closed, remains gas-tight 
under wide variations of temperature. A check valve must be used on the well side 
of the magnetic valve to prevent pressure from the well building up and unseating 
the magnetic valve. 

The National Tank Company's (Jackson) Inteemittent-flow 

CoNTEOL Equipment 

This intermitter depends for its timing control upon the oscillations of a small 
cylindrical tank, internally divided into two compartments and mounted on a cen~ 
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trally placed bearing in a horizontal position, so that it may tip alternately from side 
to side as liquid is displaced from one compartment to the other (see Fig. 100) . Trans- 
fer of fluid from one compartment to the other is accomplished by application of low- 
pressure gas that is supplied alternately to the two compartments as the tank oscillates. 
By a system of connecting levers and a ratchet and gear, oscillations of the tipping 
cylinder cause a second cylinder to revolve slowly. Bows of holes, into which metal 
pins are screwed, are bored around the circumference of the rotating cylinder, and the 
pins are so placed that as they slowly revolve with the cylinder they depress small 
pilot valves that, in turn, actuate larger diaphragm valves on the high-pressure gas- 
distributing lines. The control apparatus is placed near the gas-distributing header, 



{Courtesy of National Supply Corp.) 

Fig. 99. — “ JAT” magnetic valve for intermittent gas lifting. 

and the control valves on the several gas-distributing lines leading to the various wells 
are also grouped near by. 

The Inteemittent-flow Control Equipment 

This apparatus depends upon the position of the fluid level in the well for a means 
of timing the interval between flows. In addition to the eduction tube, a small 
column of tubing, often of or ^ in. size, is lowered in the well in the annular space 
between the eduction tubing and casing. This auxiliary column of pipe extends to a 
depth somewhat below the level to which it is desired that the fluid may accumulate 
before high-pressure gas is introduced and flow established. Between flows, while oil 
is accumulating in the well, a flow of low-pressure gas is maintained down through the 
auxiliary column of pipe. During such time as this flow is maintained, the high- 
pressure control valve at the surface remains closed. However, when the fluid rises 
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in tlie annular space and builds up a sufficient back pressure, a pneumatically con- 
trolled system of valves and diaphragms in the Max-i-flo apparatus situated near the 
well head opens the main gas control valve and allows high-pressure gas to enter the 
annular space between the casing and the eduction tube. The accumulated oil is 
forced up the eduction tube, emptying the annular space of accumulated fluid until 
the oil level reaches the lower end of the eduction tube and high-pressure gas flows 
upward through it to the surface. Gas pressure, building up in the eduction tubing 
at the surface, automatically actuates the control mechanism to close the high-pressure 
gas-injecfcion valve and exhaust the high-pressure gas from the annular space. Low- 
pressure gas again enters the well through the auxiliary tubing and another cycle 
begins. With this system, the frequency of flow is governed primarily by the rate of 
flow of fluid into the well. 


•I! 



Fig. 100. — Water-balance type of intermitter with pressure-control equipment for a group 

of gas-lift wells. 

Advantages of Intermittent Gas Lifting 

Intermittent gas lifting has certain' very definite advantages when 
compared with continuous gas lifting for the operation of small wells. 
For daily yields of 150 to 300 bbl. per well per day, intermittent gas lifts 
operate with 30 to 50 per cent less input gas and hence with lower operat- 
ing cost. With lower average output gas-oil ratios, there is less stripping 
of light fractions from the fluid. With each cycle, the oil is, for the most 
part, lifted to the surface ahead of the gas, there is less aeration of the oil 
and if water is present there is less tendency to form refractory emulsions. 
The pressure of the injected gas necessarily increases with depth and the 
lift efficiency diminishes, but with the gas pressures produced by two or 
three-stage compression it is possible to lift oil from the greatest depths 
yet penetrated by producing wells. For wells of the size mentioned, it is 
probable that the rate of oil yield will, in many cases, be somewhat greater 
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by intermittent gas lift than when continuous gas lift is employed. 
When the lift is operating, injection of the input gas necessarily imposes 
back pressure on the productive formation. With intermittent gas lift, 
during the period of accumulation when the lift is not operating, oil may 
enter the well with less back pressure than when the lift is in operation, 
and consequently more rapidly. With intermittent gas lift, however, the 
back pressure imposed on the productive formation is quite variable, a 
condition that some authorities believe to be undesirable. 

DISPLACEMENT PUMPING 

Variable back pressures, characteristic of the simple type of inter- 
mittent gas lift described in the foregoing section, can be in large part 
avoided by using an extra string of tubing, concentric about the eduction 
tube, and placing a standing valve in the bottom of it. This valve is so 
arranged that it admits oil upward to the eduction tube but prevents 
transmission of the pressure of the injected gas downward against the 
productive formation at such times as the lift is in operation. The flow 
characteristics of such a device represent a considerable departure from 
the ordinary concepts of the gas lift, and the method is more properly 
spoken of as ‘^displacement pumping.’’ 

The usual arrangement of tubing in the well for displacement pumping 
is illustrated in Fig. 101. The inner string of tubing is commonly of a 
diameter ranging between and 2 in., whereas the outer concentric 
string ranges from Ij^ to 33^ in. On the lower end of the outer column 
of tubing is attached 40 ft. or more of a still larger diameter pipe, usually 
from 3 to 6 in. in diameter, forming an accumulation chamber. The 
latter supports, at its lower end, an upward-opening valve, often of ball- 
and-disk-seat type, through which oil enters from the well cavity (see 
Fig. 102). The open end of the inner column of tubing is suspended only 
about a foot above the valve, and the cage supporting the standing valve 
and its seat may be connected with the lower end of the eduction tube 
by a Garbutt rod so that the entire assembly can be brought to the surface 
for repairs by withdrawing only the inner string of tubing. The accumu- 
lation chamber is placed as near the bottom of the well as is practicable, 
in order to secure maximum submergence. 

The method is necessarily intermittent in character, the operating 
cycle being in three stages: (1) a period of oil accumulation, during which 
fluid rises in the accumulating chamber from the well cavity; (2) the 
flowing period, during which high-pressure gas is applied to the accumu- 
lated oil, causing it to rise through the inner or eduction tubing to the 
surface; and (3) the exhaust period, during which the high pressure, 
built up in the annular space between the two columns of tubing, is 
released at the well-head until low-pressure conditions again obtain within 
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the accumulation chamber. One or another of the several types of 
automatic intermitters, described in the preceding section, is installed 
at the well-head to inject, periodically, high-pressure gas or air into the 
annular space between the two strings of tubing for a sufficient time to 



Fig. 101. — Sketch illustrating arrangement of 
equipment for displacement pumping. 



{After H. C. Miller, U, S. 
Bur. Mines.) 


Fig. 102. — Sketch illustrating 
arrangement of well equipment for 
displacement pumping. 


eject such oil as has entered the accumulation chamber during the pre- 
ceding period of quiescence. When the high-pressure injection valve is 
opened, pressure builds up rapidly in the annular space and quickly 
displaces the accumulated oil up the eduction tube until the fluid level 



206 


OIL FIELD EXPLOITATION 


in the chamber is depressed to the lower end of the eduction tube, per- 
mitting gas to enter and follow the “slug'' of oil upward toward the 
surface. If a proper ascending velocity is maintained, there is but 
little slippage of the gas through the oil in the eduction tube. Injection 
of gas continues at the well-head until the column of oil has passed into 
the surface lead line and gas trap, when the intermitter functions to close 
the control valve on the high-pressure gas-injection line. During such 
time as the high-pressure gas is applied within the well, the standing 
valve is pressed tightly against its seat, so that the productive formation 
is not subjected to the lift pressure. When the flow period is completed, 
the pressure within the accumulation chamber and both strings of tubing 
must be reduced by venting the residual high-pressure gas to the atmos- 
phere at the well-head, or into the low-pressure gathering lines connecting 
with the gas-compression plant. If an upward-opening check valve 
is placed in the lower end of the eduction tubing, only the accumulation 
chamber and annular space between the two strings of tubing need be 
vented of residual high-pressure gas between flows. When this has been 
accomplished, the cycle ends and another period of oil accumulation 
ensues. 

If desired, flow of oil may be up through the annular space between 
the two strings of tubing, in which case the high-pressure gas is, of course, 
forced down the inner tubing. The interval between flows will depend 
upon the rate at which oil enters the accumulation chamber. In certain 
installations in wells producing 150 to 175 bbl. per day, about 150 flows 
were made per 24 hr. The pressure-transmission medium may be either 
air or gas. Though the latter is preferred, there is less objection to the 
use of air in displacement pumping than with other systems of flowing 
w^ells, because there is less admixture of the injected gas with the oil. 
Natural gas entering the well with the oil may be largely recovered, 
without contamination with the air used in lifting, by permitting it to 
flow to the surface through the annular space between the well casing 
and the outer string of tubing. In this way, only such gas as enters the 
accumulation chamber in solution in the oil is lost by contamination with 
air. 

A separate gas trap should be provided near each well and must be 
of sufficient strength to withstand the impact of the fluid “slugs" of oil 
that are periodically discharged into it at high velocity. The intermitter 
apparatus at each well is connected with the compressor plant by a pipe 
line lyi, IH or 2 in. in diameter, the larger the better. Volume and 
pressure control of the injected gas is desirable. Any condensed moisture 
or gasoline drips in the high-pressure air or gas should be removed after 
compression; otherwise, “slugs” of liquid, flowing through the surface • 
lines at high velocity, may damage the control valves and intermitter 
mechanism. 
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In tlie design of tubing installations for displacement pumping, it is important that 
proper sizes of tubing be selected for the conditions imposed and that the tubing be 
amply strong to withstand the severe impact shock to which it is subjected when high- 
pressure gas is suddenly applied. The annular area between the two strings of tubing 
should be as small as is practically feasible in order to reduce the losses of high-pressure 
gas exhausted from this space at the end of each cycle of operation. Good results 
are obtained when the cross-sectional area of the annular space is the same as or even 
slightly less than that of the eduction tubing. The diameter of the eductor tube 
depends chiefly upon the gas-injection pressure available, the quantity of oil to be 
lifted per cycle and the height of lift. The length of the column of oil lifted through 
the eduction tube is limited by the gas-injection pressure available. To increase 
capacity for a given gas-injection pressure, one or two '‘booster orifices” may be 
provided in the eductor tube at a distance above its lower end equivalent to 30 to 
50 per cent of the length of the accumulating chamber. Experience has shown that 
in order to avoid gas slippage through the ascending “slug” of oil there is a certain 
desirable minimum length for the oil column, which increases with the height of lift 
from about 150 ft. for a well 1,000 ft. deep to 400 ft. for a 5,000-ft. well. 

The pressure necessary for operation of a displacement pump will depend some- 
what upon the depth of the well, but chiefly upon the volume of oil ejected per flow — 
which determines the length of the column of fluid lifted through the eduction 
tube — and the velocity with which it is propelled upward. A desirable flow velocity 
is one that will result in minimum slippage of gas through the oil. Practice indicates 
that ascending velocities of 10 to 30 ft. per second are suitable for wells less than 
3,000 ft. deep, whereas with wells ranging up to 5,000 ft. in depth, flow velocities of 
from 8 to 25 ft. per second are appropriate. With lower velocities, slippage of gas 
through the oil reduces the volumetric efficiency. From 40 to 50 lb. of gas-injection 
pressure will be required for every 100 ft. of oil in the column of oil lifted through the 
eduction tube. The operating pressure should be 10 to 50 lb. greater than the static 
head of fluid developed in the eduction tubing in order to provide proper ascending 
velocity. The frictional losses resulting from flow of the comparatively short column 
of oil through the tubing are small. Very little expansion of the gas occurs as it flows 
, below the column of oil to the surface, as the pressure conditions remain nearly 
constant. The input gas-oil ratio varies widely, depending upon the depth of the 
well, the volume of oil produced and the efficiency attained. Ratios as low as 2,000 
to 3,000 cu. ft. per barrel of oil are not uncommon. On small producers, the amount 
of input gas necessary for displacement pumping is usually 20 to 50 per cent less than 
for continuous gas lift. In wells 1,000 to 2,000 ft. deep, the over-all efficiency of the 
displacement system of flowing may be as great as 35 per cent under the most favorable 
conditions but is ordinarily much less than this, particularly in deeper wells where 
efficiencies of the order of 10 or 15 per cent are more common. However, for wells of 
low productivity, the efficiency obtained from a properly designed and operated 
displacement-pumping system is greater than is usual with either intermittent or 
continuous gas lift and will compare favorably with plunger pumping. Lifting costs 
as low as 10 cts. per barrel are possible by displacement pumping under favorable 
circumstances. 

Advantages of the Displacement Method of Gas Lifting 

The displacement method of pumping possesses certain advantages 
that make it attractive, particularly after the rate of production has 
fallen below 200 bbl. per well per day. Owing to the maintenance of 
lower average back pressure on the productive formation, wells commonly 
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develop higher rates of production by this method than by other methods 
of gas lifting. There is, in fact, little or no direct back pressure applied 
to the formation by the injected gas and less fluctuation in pressure condi- 
tions within the well cavity than when the ordinary intermittent method 
of gas lifting is used. The compressed gas used in lifting the oil does 
not come into contact with the productive formation, nor does it attain 
any intimate admixture with the oil lifted. If the oil is contaminated 
with water, there is much less tendency to form refractory emulsions 
than with continuous gas lift. Under proper conditions of application, 
there is comparatively little slippage of gas through the oil during flow 
to the surface; hence, a high percentage efficiency may be attained, and 
there is little opportunity for the gas to strip light fractions from the 
oil. Friction losses are reduced to a minimum. Lower gas-oil ratios 
are usual by the displacement method of pumping than with other forms 
of gas lift; hence, smaller gas-compressor and -distributing capacity is 
required, capital investment in mechanical plant is less and operating 
costs are lower. There is little mechanism in the w^ell subject to mechani- 
cal wear, one or two simple ball-and-seat type standing valves, which 
are easily removed with the inner tubing, being the only moving parts. 
Displacement pumping naturally follow^s continuous gas-lift operations, 
requiring the same form of energy and but little more in the way of 
surface or well equipment. Being applicable to wells of small produc- 
tivity, it offers a means of extending the pneumatic methods of lifting 
oil throughout the productive life of a field without resort to mechanical 
methods of pumping. Like other forms of gas lifts, displacement pump- 
ing is applicable to deep wells and crooked holes where rod-operated 
pumps are difficult of application or can be operated only with low effi- 
ciency. This method of lifting seems especially desirable wffien used in 
conjunction with repressuring operations, where the necessary gas-com- 
pressor equipment and distributing lines may serve both purposes. 

MISCELLANEOUS OTHER PNEUMATIC METHODS OF LIFTING OIL 
The Proctor-Miller Fluid-displacement Pump 

This device operates on the displacement principle, discussed in the previous 
section, lifting oil intermittently but requiring no surface devices to control gas flow. 
The pump is housed in a displacement chamber near the lower end of the flow tubing. 
An external packer closes the annular space between the tubing and casing, confining 
the well fluid below and permitting use of the annular space above the packer for 
transmission of compressed gas from the surface. The displacement chamber contains 
a gas valve and a fluid valve mounted, respectively, on the upper and lower ends of a 
common valve stem. The two valves must be accurately proportioned to function 
under the combined influence of gravity and the fluid and gas pressures operative. 
The valves are so designed that when the fluid valve is open the gas valve is closed, 
and vice versa. Figure 103 presents a sketch of the essential parts of the surface and 
well equipment. 
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In operation, the well fluid rises in the tubing through the lower tubing extension 
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Beaedmore Stage Gas Lift 

The Beardmore stage gas lift, 
designed for lifting oil from deep 
wells producing with low formation 
pressures, is really a combination 
of an intermittent gas lift with a dis- 
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{Courtesy of Froctor and Miller.) 

— Proctor- Miller fluid-displace- 
ment pump. 
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placement pump. In a typical installation in a 6j300-ft. well, the oil 
is first lifted 600 ft. with a continuous flow of low-pressure gas. Very 
little submergence is required for this stage of the lift, and the back 
pressure imposed against the productive formation is only 35 lb. 
Oil so lifted accumulates in the annular space between two strings 
of tubing and above a packer which closes off the lower part of the 
well, into which the oil enters from the formation, from the upper 
part, in which the production is stored. Periodically, when sufficient 
oil is stored above the packer, high-pressure gas (450 lb. per square inch) 
is injected from the surface through the inner column of tubing, displacing 
the accumulated oil through the annular space. Two valves are neces- 
sary: a standing valve in the bottom of the lower flow chamber, which 
closes when high-pressure gas is applied, thus preventing application of 
high back pressure against the formation; and a spring-loaded valve in 
the upper part, which directs the low-pressure gas into the lower chamber 
and the high-pressure gas into the annular space comprising the upper 
accumulating chamber. The position of one spring valve, closed against 
low-pressure gas but opened under the influence of the downward pressure 
of high-pressure gas, determines the direction of flow. High-pressure 
gas left in the tubing, after ejection of the oil from the upper chamber, 
is applied in operation of the lower lift in the next cycle, after the 
spring valve closes. Intermittent injection of gas at the well-head may 
be automatically controlled with one or another of the several types of 
^‘intermitters” (see page 199). 

Wells equipped with this device have had their production rates more 
than doubled in comparison with rates of production possible by con- 
tinuous gas lift, whereas the gas-oil ratios have been materially reduced. 
For example, in the case of a 6,480-ft. Oklahoma City well, the daily 
rate of production was increased from 300 to 600 bbl., whereas the gas- 
oil ratio was reduced from 3,500 to 1,500 cu. ft. per barrel by changing 
to this method of lifting after operation by continuous gas lift.^^ 

The Hughes Plunger Lift 

This unique lifting device comprises a steel plunger or swab that 
travels from the lower end of the eduction tube to the surface under the 
propulsion of compressed gas.^ As the plunger rises, it lifts a column of 
oil accumulated above it to the surface. After discharging the oil into 
the surface lead line connecting with the well-head, the plunger descends, 
under the influence of gravity, to the lower end of the eduction tube for 
another load of oil. By a simple valve mechanism, operation of the 
traveling plunger is entirely automatic and, once set in motion, may con- 
tinue in operation for a long period of time with very little attention and 
without interruption in service, 
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Figure 104 presents a sketch showing the arrangement of surface and 
well equipment and an enlarged longitudinal section of the plunger. 
The low^er end of the plunger contains a dart-type valve mounted in a 
supporting cage, the valve closing upward against its seat when subjected 



Hughes Plunger Lift. 

to gas pressure from below. The tubing through which the plunger 
travels, 23 ^ or 3 in. in size, need not be polished on its interior surface 
but must be truly cylindrical in form and uniform in internal diameter. 
The couplings used must maintain the tubing joints in proper alignment 
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so that the plunger will not encounter any obstructions. The tubing is 
suspended from a special flow head into which the plunger passes at the 
upper extremity of its travel. Where the tubing passes through the 
flow head, it is perforated with longitudinal slots through which the oil 
and gas are forced into the flow line. Above the flow head is an 8-ft. 
tubing extension that supports, at its upper end, a rubber safety bumper 
designed to cushion the impact of the plunger at the end of its upward 
stroke. A gate valve in the tubing extension permits of hanging up the 
plunger when desired and affords a means of removing it for inspection 
or repair. Near the lower end of the column of tubing is a foot piece 
containing a cushion seat, which receives the plunger as it completes its 
downward travel. An opening in the cushion seat allow^s oil to enter 
from the tubing through a perforated pipe extending down into the well 
cavity. A packer may be used between the casing and tubing near the 
bottom if desired. 

The plunger descends rapidlj^ through the gas-filled space in the upper part of the 
tubing, the average velocity being estimated at 40 to 50 ft. per second; but, after 
entering the fluid, the descending velocity is only 6 to 8 ft. per second. The plunger 
valve is so designed that it does not close when falling either through gas or oil. On 
entering the foot piece, the plunger closes the opening through which oil enters the 
tubing. Gas pressure is then applied below the plunger through a small hole in the 
cushion seat connecting with the annular space between the tubing and casing, causing 
the plunger to rise toward the surface and lifting such oil as is accumulated above it. 
The ascending velocity ranges from 4 to 25 ft. per second. The gas used may be 
either formational gas or recycled compressed gas forced down through the annular 
space from the surface. In lifting oil, there is little difference in pressure between the 
upper and lower ends of the plunger, hence little tendency for gas to by-pass the 
plunger, though the clearance between the plunger and tubing is 3=^32 in. or more. As 
the top of the column of oil lifted by the plunger reaches the flow head, it is forced 
into the lead line and thereafter, owing to continual reduction of load, the upward 
speed of the^'plmiger increases until it is finally brought to rest in the “stovepipe” 
extension of the tubing. Oil accumulating here stops the plunger, or, if this is insuf- 
ficient, the rubber safety bumper functions. Compression of fluid above the plunger, 
at the limit of its upward travel, causes the plunger valve to open, after which it is 
again free to fall to the bottom under the influence of gravity. Gas continues to flow 
upward through the plunger as it descends, the gas passing out through the lead line 
to an oil and gas separator and thence to the gathering system. The latter may carry 
it to a compressor plant for recompression and transmission back to the well-head, but 
this phase of the system is, of course, unnecessary if the well produces gas in sufficient 
volume and pressure. 

From 300 to 500 cu. ft. of gas per barrel of oil for each thousand feet of lift will be 
sufficient for satisfactory operation. For depths less than 3,500 ft., the gas pressure 
need not exceed 100 lb. per square inch. Operation of the lift’may be regulated by 
controlling the back pressure, either with a surface bean or by varying the size of the 
inlet aperture in the foot piece. The device is self-adaptable to variation in operating 
conditions, the length of column of oil lifted with each round trip of the plunger vary- 
ing with the gas volume and pressure. Reduction in volume of the available gas 
means fewer trips with the plunger but longer columns of fluid handled, and vice versa. 


PNEUMATIC PUMPING OF OIL WELLS 


213 


Any desired rate of production within the productive capacity of the well can always 
be maintained, irrespective of the forinational gas-oil ratio, if necessary, by supple- 
menting the forinational gas with recycled compressed gas. Capacities with this 
device range up to 600 bbl. per day. The plunger makes from 150 to 350 strokes per 
day. Computed efficiencies on different installations range from 2.5 to 30 per cent, 
and the device operates with fair efficiency even when the submergence is as low’ as 
2.5 per cent.^^ A special type of plunger has been developed for use with oils that 
tend to deposit wax on the walls of the tubing. 
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CHAPTER IV 


MECHANICAL DEVICES FOR LIFTING OIL FROM WELLS 

When natural- and induced-flow methods of production fail, the< 
producer must resort to the use of artificially developed energy in lifting 
oil to the surface. This may be applied by pneumatic methods, as 
described in the foregoing chapter, or it may be applied by mechanical 
means. The present chapter has for its purpose a description of the 
various mechanical devices for lifting oil and a review of the principles 
involved in their efficient operation. 

Among the mechanical devices employed for this purpose are, first, 
the various types and styles of oil-well pumps, which may be broadly 
classified into three groups: rod-actuated plunger-displacement pumps, 
fluid-actuated plunger-displacement pumps and centrifugal pumps. In 
addition to these, we may properly include bailing and swabbing among 
^the mechanical methods of lifting oil from wells. These are primitive 
methods sometimes used temporarily during the early lives of wells or 
when, for some reason, other methods are impossible or inappropriate. 

A large percentage of all of the present-day producing wells are 
equipped with rod-operated plunger pumps. Pumps of this type are 
adaptable to a wide variety of conditions, particularly those character- 
istic of the latter period of productivity of wells when the rate of produc- 
tion is comparatively small and settled.’^ However, such pumps have 
depth and capacity limitations, and in many fields the other types are 
finding increasing utility. Modern oil producers are necessarily vitally 
concerned with lifting costs. This involves consideration of the efii- 
ciencies of the oil-well pumps employed and of the relative advantages 
of different prime movers and methods used in application of power to 
oil-lifting devices. 

BAILING OIL FROM WELLS 

In earlier years, it was common practice in certain regions — notably 
in the Russian, Galician and Rumanian oil fields — to lift oil from wells 
by means of bailers somewhat similar to those used in cable drilling for 
removal of cuttings.* Suspended on a steel ^^sand line,'' the bailer is 
lowered into the well fluid by gravity and, after filling, hoisted to the 
surface by application of power to a revolving ^^sand reel" or hoisting 
drum on which the sand line is reeled. On reaching the surface, a valve 

* See voL 1 of this work, '"Oil Field Development,” p. 167. 
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in the bottom of the bailer is opened, allowing .the oil to flow into a 
trough leading to a storage tank or sump. Bailer valves may be of 
either ''disk” or "dart” type, preferably the latter. If much sand is 
to be handled with the oil, a "sand pump” may be used. In filling, this 
develops a certain degree of suction that is helpful in drawing fluid and 
suspended solids up through the bottom valve (see page 168 of "Oil 
Field Development ”) . 

In American practice, the bailer is used as a means of lifting oil only 
during the very early period of productivity of certain wells that will 
not flow their production or yield so much sand with the oil that oil- 
well pumps could be operated in them only with difficulty. After the 
wells "settle down” and less sand enters from the producing formation, 
pumps may be installed. When used for handling sandy production, 
the bailer should be lowered to the bottom of the well for its load. Bailing 
is costly in power consumption and in requiring the continuous services 
of an operator at each well. It is therefore used only when other more 
nearly automatic methods are impractical or temporarily unavailable.* 

If the bailer is to be used as a permanent method of lifting oil and 
the volume of fluid to be handled justifies it, it is in motion almost con- 
tinuously. In this case, the type of sand reel ordinarily used on the 
cable-drilling rig is inadequate on account of its small size and the tendency 
of the bearings and friction drive to overheat. Better practice involves 
provision of a special bailing drum that may be operated by a belt or 
chain directly from the drive pulley or sprocket of an engine or motor 
or with the aid of an intermediate countershaft. With such equipment 
it is possible to hoist the bailer filled with oil at a speed of 1,000 to 1,500 
ft. per minute with an expenditure of from 30 to 50 hp., depending upon 
the size of bailer used and the quantity of sand to be handled. A crucible- 
steel wire bailing cable, % or % in. in diameter, is commonly employed. 
Owing to constant abrasion on the walls of the well and casing, the cable 
has a short life, particularly where the well is crooked. The bailers 
employed vary in diameter from 6 to 14 in. and range from 10 to 60 ft. 
in length, depending upon the diameter of the well. They may be con- 
structed of riveted sheet steel or of one or more joints of well casing with 
a suitable bail at the top, to which the sand line is attached, and a bailer 
valve and shoe at the bottom. The upper and lower ends are sometimes 
slightly tapered to protect the bail and foot piece from damage by catch- 
ing on projections on the walls of the well or casing. For use in very 
crooked holes, a flexible-jointed type of bailer has been devised-t 

* Weight, H. H., Oil-well Bailing, *'The Science of Petroleum, vol. 1, pp, COO- 
BOS, Oxford University Press, New York, 1938. 

tTHOMPsoN, A. B., "Oil-Field Development,^’ D. Van Nostrand Company, Inc., 
New York, 1917. (See particularly Chap. X.) 
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Considerable skilLis necessary on the part of the operator in manipu- 
lating the bailer when the well produces gas or sand along with the oil. 
Agitation of the oil with the bailer will often liberate gas that may cause 
the well to flow while the bailer is in the hole. At such times the bailer 
and its cable may be violently ejected. Unless precautions are taken 
to keep the bailer in motion, there is also danger of its being buried in 
the well by a sudden flow of sand. Care must be taken to slacken the 
speed of hoisting or descent when the bailer is leaving or entering the 
fluid in the well ; otherwise, severe torsional strain is thrown upon the cable 
by the sudden change in tension. If the oil contains much gas, bailing 
may become difficult, because expansion of the gas ejects most of the 
oil from the bailer before it reaches the surface. 

Automatic Bailer for Oil Recovery. — An electrically operated automatic bailer for 
raising oil from wells has been developed and was for a time successfully used, on a 
California property, in a well that produced more sand than could be economically 
handled with a plunger pump. A scow-bottom sand pump, 50 ft. long, holding about 
1 bbl. of oil, was used as a bailer. Power was furnished by an electric motor equipped 
in much the same way as that on an automatic elevator. Upon emerging from the 
well, the bailer passed into an iron cage attached to the casing head, which lifted 
the bailer valve so that the oil was discharged into a tank. The bailer traveled at the 
rate of 300 ft. per minute, and a round trip was made every 7)4 min. when bailing from 
a depth of 1,000 ft. Automatic-delay switches allowed a period of rest of min. 
at the lower limit of travel and ^i^^* at the top for the oil to drain from the bailer. 
Use of this device obviated the expense of frequent pulling and replacing of tubing 
and rods, and the sand pump was found to have a swabbing effect that kept the liner 
perforations open. As a result, the production of the well increased from 12 to 60 bbl. 
per day when the change was made from pumping to bailing. The apparatus is 
considered impractical for deep wells or large production. 

SWABBING OIL FROM WELLS 

Under special circumstances, swabbing is sometimes resorted to as a 
means of extracting oil from wells. The various styles of swabs have 
been adequately described and illustrated in the companion volume of 
this work, ^^Oil Field Development” (pages 419 to 420). Lowered 
through the accumulated fluid in the casing of a well, on a drilling cable 
below a cable-tool drill stem, the swab is rapidly hoisted out, lifting the over- 
lying column of oil ahead of it to the surface. An upward-opening valve 
permits the swab to sink freely through the fluid, but, when ascending, 
pressure of the overlying fluid keeps the valve tightly pressed against 
its seat. Considerable power is necessary in hoisting the swab and, its 
load of fluid out of the well, and care must be taken to avoid lowering it 
into a column of fluid to such depth that the power available for lifting 

* Huguenin, E., Automatic Bailer for Oil Recovery,^’ Summary of Operations, 
California Oil Fields, vol. 7, No. 9, March, 1922, Seventh annual report of the 
Cahfornia State Oil and Gas Supervisor. 
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is inadequate. An improved type of swab, equipped with a regulator or 
unloading valve, automatically releases any excess fluid beyond that for 

which the valve is set. 

In addition to providing a means of rapidly and effectively removing 
all fluid from a well, application of the swab creates a partial vacuum 
within the casing below, which assists in drawing more oil into the well 
so that the process may soon be repeated. The swab has a larger 
capacity than most plunger pumps, and it is sometimes used where a 
large volume of water must be lifted with the oil. Swabbing is also 
effective in handling oil containing sand in suspension, though, if the 
sand settles rapidly on top of the swab, removal of it may be difficult. 
Swabbing is often resorted to as a means of inducing natural flow in 
newly completed wells and in cleaning the well screens and liner perfora- 
tions of accumulated detrital material that may seriously restrict influx 
of oil into the casing. After application of the swab for this latter pur- 
pose, the well should be thoroughly bailed. 

Another method of applying the suction effect of a swab is to suspend 
it on the lower end of a column of tubing extending down into the well 
fluid from the surface. Slowly raising and lowering the tubing in the 
derrick, with the aid of a tubing line and elevators, will create sufficient 
suction to stimulate influx of oil into the well and will release gas from 
the oil to promote natural flow to the surface. 

Swabs may be used only when the well is lined with a single straight 
column of screw casing, free from projections on its inner surface. Wear 
on the friction surface of the swab is often excessive, particularly when 
the oil carries sand, and leakage between the swab and the casing may 
greatly reduce the efficiency of the method unless the rubber cylinders are 
frequently replaced. Vigorous swabbing of a well may collapse a light 
casing or cause top water to break in around the shoe of the water string. 
Premature incursion of edge or bottom water may also be encouraged 
by its powerful suction effect. 

ROD -OPERATED PLtJNGER-DISPLACEMENT PUMPS 

A type of pump used more than any other in oil-well service has a 
cylindrical ''working barreP' suspended from the casing head on a column 
of tubing so that it is immersed in the well fluid. A "plunger” in the 
working barrel is given an up-and-down motion by a column of "sucker 
rods” that extends up through the tubing to the surface where it is sus- 
pended from the end of a power-actuated walking beam or other mecha- 
nism capable of giving the rods and plunger the necessary churning motion. 
By means of two valves, a stationary "standing” valve in the lower end 
of the working barrel and a "working” or "traveling” valve in the 
plunger, oil is drawn into the working barrel and lifted toward the surface 
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through the tubing on each upstroke of the plunger. Although there 
are many different styles'** of rod-operated oil-well plunger pumps, they 
all have these features in common. 

Figure 105 presents vertical sections through 
what is probably the simplest style of plunger 
pump used in oil-well service, whereas Fig. 106 
indicates the manner of support of the pump in the 
well and the usual arrangements provided for con- 
necting with a reciprocating power-driven mecha- 
nism at the surface. With reference to Fig. 105, b 
is the working barrel and p is the plunger, made 
up in this style of pump of a short steel body 
faced with ^^Aips^' of composition or leather; s is 
the standing valve and w the working or traveling 
valve. The column of sucker rods (see Fig. 106), 
which actuates the plunger, extends up through the 
tubing to the surface where it is suspended from 
the end of the 'walking beam. The polished rod, 
on the upper end of the column of sucker rods, 
passes through a stuffing box that affords an oil- 
tight passage for the polished rod through the 
tubing head. A tee in the tubing head, just below 
the stuffing box, provides a connection for the 
lead line, which carries the oil to a gas trap or 
to storage. Oil enters the lower end of the pump 
through gas anchor a (see Fig. 105), is lifted to the 
surface through the working barrel and tubing and 
discharged through the lead line. Gas may rise 
through the annular space between the tubing and 
casing and into the surface lead lines connecting 
with the annular space through the side outlets of 
the casing head. Some gas also finds its way 
with the oil into the working barrel and is pumped 
with it through the tubing to the surface, where the 
two fluids may be separated by a trap of suitable 
design. 





{After H. C. George, 

Bur. Mines.) 

Fig. 105 . — C u p - 
packed plunger pump. 
At left: beginning down 
stroke; at right: begin- 
ning up stroke. 


Cycle of Operation of the Plunger Pump 

It has been indicated in the foregoing section that, with the oil-well 
plunger pump, lifting of the oil is accomplished by the churning motion 
of a plunger equipped with a moving valve, in a cylinder or working barrel 

* Power, H. H., Oil-Well Pumping, ^^The Science of Petroleum/’ vol. 1, pp. 
590-599, Oxford University Press, New York, 1938. 
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provided at its lower end with a stationary valve. On the assumption 
that the plunger has just completed its downstroke, the two valves will 
be momentarily at rest and both will be closed. As the upstroke pro- 
gresses, the space between the two valves is increased and pressure is 



(From a paper by the author. Am. Inst. Mining Met. Eng.) 

Fig. 106. — Sketch showing arrangement of “standard” equipment for pumping “on the 

beam.” 

reduced \wthin the working barrel.' The outside oil, under some static 
head, presses upward from below on the standing valve, lifting it from 
its seat and following the, rising plunger up into the working barrel. As 
the plunger completes its upstroke and the suction effect due to its move- 
ment ceases, the standing valve drops back upon its seat and prevents 
the oil that has entered the barrel from flowing back into the well. On 
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the succeeding downstroke of the plunger, the oil within the working 
barrel, unable to escape through the closed standing valve, is put under 
compression and lifts the working valve from its seat. As the plunger 
descends, some of the oil within the barrel, between the two valves, is 
displaced through the working valve into the space above. On comple- 
tion of the downstroke, the upper valve drops down upon its seat, and, 
as the plunger rises on the following stroke, the oil thus displaced by the 
working valve is lifted up into the tubing above the working barrel. 

During the next and succeeding cycles, more oil will be forced up through 
the tubing until it overflows at the surface into the lead lines that carry 
it through a gas trap and thence to storage. Once the tubing is filled 
with fluid, as much oil is discharged at the surface with each stroke as 
enters the pump. 

Types of Plunger Pumps 

There are several different styles of rod-operated plunger displace- 
ment pumps used in oil-well service. The cup-packed plunger pump 
illustrated in Fig. 105, and described above, is a type that is widely 
used in comparatively shallow w^ells where the hydrostatic head developed 
in the fluid in the tubing above the plunger is not too great and where the 
oil does not carry an excessive amount of sand. For use in deeper wells 
and with oils that carry considerable sand in suspension, other styles 
are preferable. These include a very commonly used type, generally 
longer than the cup-packed pump and equipped with a close-fitting steel 
plunger; the ^^fluid-packed” pump and various styles of ^^circulating 
pumps” specially designed for handling sandy production; and the 
“insert pump,” a type that lends itself particularly to a situation w^here a 
pump already in service has to be replaced and permits of economical 
maintenance under conditions where pump repairs are frequently 
necessary. ' ! 

Steel Plunger Pumps 

Where security against plunger leakage under high hydrostatic pres- 
sures is a factor of importance, as would be the case in all deep wulls, 
the cup-packed plunger is found to be inadequate and resort must be 
had to a pump equipped with a long close-fitting steel plunger. This 
type of pump is available in a variety of different styles, but the one 
illustrated in Fig. 107 is representative. Here the working barrel is 
made up of a cylindrical steel jacket supporting, end-to-end, a number of 
sectional cast-iron “liners,” the inner surfaces of which are machined and 
highly polished to form a straight cylinder of uniform internal diameter.’ 

A collar on the upper end of the working barrel affords a means of sus- 
pending it on the lower end of the well tubing, which extends down from 
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the surface, whereas a foot piece at the lower end provides a conical 
recess for supporting the standing-valve body and a threaded connection 
for the gas anchor, which is suspended in the well below the working 
barrel. The plunger is a seamless steel tube, machined and highly 
polished on its exterior surface so that it will slide with small clearance 
through the working barrel. The working or traveling valve is mounted 
within a cage at the upper end of the plunger, which also provides a 
means of connecting the plunger with the lower end of the column of 
sucker rods. To assist in retrieving the standing valve on withdrawing 
the rods and plunger, when valve repairs or replacements are necessary, 
a “Garbutt-rod attachment '' may be used. This is a cylindrical rod, 
which is screwed to the upper end of the standing- valve cage, extending 
up inside the plunger. A winged nut on the upper end of the Garbutt 
rod engages the plunger nut, which partially closes the lower end of the 
plunger, when the latter is withdrawn to the surface with the rods. When 
the pump is in operation, the Garbutt rod remains stationary, with the 
nut on its upper end well up in the plunger so that it does not strike 
the lower plunger nut. Annular clearances between the Garbutt rod 
and the plunger nut and between the plunger and the Garbutt-rod 
nut afford sufficient space for the oil to pass without undue resistance. 
Further details of construction of this type of pump will be found below. 

Several variations of this style of close-fitting steel plunger pump are 
in general use (see Figs. 119-122). These include patterns in which a 
standing-valve puller, on the lower end of the plunger, is substituted for 
the Garbutt-rod attachment. A typical device of this character, operated 
by lowering the plunger and then turning until it engages a locking pin 
on the upper end of the standing valve, is illustrated in Fig. 108. In some 
styles of pumps, the traveling valve is placed near the lower end of the 
plunger instead of at the top, and for contending with special conditions 
two traveling valves may be used in the plunger, one at the bottom and 
one at the top (see Fig. 108). An extension nipple is sometimes used, 
providing a means of supporting the standing valve below the working 
barrel. This permits the plunger to work out of the lower end of the 
barrel, thus affording a longer stroke than would otherwise be possible. 
Occasionally a ^^cup assembly’^ may be combined with a close-fitting 
steel plunger, the cups being placed either at the upper or lower end of 
the steel plunger, or both (see Figs. 109 and 120). Cups have certain 
advantages in absorbing sand that might otherwise find its way between 
the polished surfaces of the barrel and plunger. An inverted cup on the 
lower end of the plunger is helpful in avoiding gas slippage around the 
plunger. In addition to these differences in plunger and barrel construc- 
tion, there are some variations in valve arrangement and design that 
are helpful in meeting special conditions. 
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Working barrels range from 5 to 20 ft. in length, depending upon the 
length of the plunger and that of the stroke to be used. However, the 
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Fig. 107.— 
Steel-plunger 
pump with Gar- 
butt rod attach- 
ment. 


(Courtesy D & B 
— Emsco Pump 
Co.) 

Fig. 108.— 
Steel -plunger 
pump with up- 
per and lower 
plunger valves 
and retrieving 
device for 
standing valve. 


(From a paper by 
the author. Am. 
Inst. Mining Met. 
Eng.) 

Fig. 109.— 
Steel-plunger 
pump with upper 
cup assembly 
and lower exten- 
sion nipple for 
standing valve. 


American Petroleum Institute has adopted only the 5-, 6-, 8- and 10-ft. 
lengths as standard. They are available in 2-, 2J^-, S- and 4--in, sizes, 
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designed to be suspended on tubing of equivalent size. The interior 
surface of the barrel is accurately finished and polished to a diameter 
Vi in. less than the rated size. The material may be cold-drawn steel, 
machined wrought or cast iron or seamless drawn brass. Early patterns 
were simple cast-iron cylinders with top and bottom connections made 
integral, but the difficulty of manufacturing a long straight tube of 
uniform diameter throughout and the high cost of replacement to com- 
pensate for wear have led to the use of sectional liners that can be accur- 
ately bored and assembled in a steel jacket in such a way as to form an 
absolutely straight cylinder, uniform in internal diameter and of any 
desired length. Liners of this type are generally made of a good quality 
of gray cast iron,, individual sections being 12 in. long (see Fig. 110) and 
carefully machined so that they fit accurately together when placed 
end-to-end in a steel casing or “jacket.” The top and bottom liners in 
the jacket are preferably slightly “belled” (outer end slightly rounded), 
the better to guide the plunger in and out of the barrel. The liners are 



{Courtesy of Axelson Mfg. Co.) 
Fig. 110. — Section of cast-iron pump liner. 


assembled on a snug-fitting mandrel and, while supported in this way, 
are forced together to form a rigid tube by end pressure developed by a 
pair of collars, one of which is screwed to each end of the jacket. A 
working barrel equipped with liners of this type has the advantage that 
irregular -wear in one part of the barrel may be remedied by replacing 
worn liner sections ; and even though a complete replacement of the liners 
may be necessary, the jacket and collars need not be scrapped. 

Working-barrel Extensions. — Many producers prefer a type* of pump 
in which the standing valve, instead of being supported in the lower end 
of the working barrel, is placed in a special extension shoe connected with 
the lower collar of the working barrel by a short nipple (see Fig. 109). 
Such an arrangement leaves the full length of the working barrel available 
for motion of the plunger, and sand, which may show a tendency to 
accumulate about the standing valve, does not so readily find its way 
into the barrel. The extension tubing should be slightly larger in internal 
diameter than the working barrel so that the lower end of the plunger 
may extend below the lower collar of the working barrel without being 
abraded by the inner surface of the nipple. 
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An upper extension working barrel, somewhat larger in internal diame- 
ter than the working barrel and filled with grease, is proyided in one 
style of plunger pump. The heavy grease retains any sand that may 
work down around the top of the plunger assembly, thus preventing it 
from finding its way down into the close-fitting section of the barrel and 
plunger. 

Plungers. Cup plungers are generally made up of an assembly of 
four leather or composition cups, mounted on a steel plunger body with 
steel followers, held in position by a jamb nut and lock nut (see Fig. 105). 
Steel followers between the cups assist in preventing distortion of the 
cups under high fluid pressures. A ball valve and seat and a cage — the 
latter equipped with a threaded-pin connection for the lower end of 
the column of sucker rods— are attached to the upper end of the plunger 
assembly. The cups used are generally of an external diameter that 
leaves a clearance of about between the plunger and the internal 

diameter of the working barrel. Sulphur in oil will destroy leather cups 
in a short time, so that they must be frequently replaced if the oil con- 
tains much sulphur. Composition cups are superior in this respect. 

American Petroleum Institute standards for polished steel plungers 
make provision for four rated sizes — 2, 2}^, 3 and 4 in. — the nominal 
outside diameter being approximately less than the rated size. 

Each size is available from the manufacturers in five different diameters, 
differing from each other by 0,002 in. Plungers may also be had in four 
'Tollow-up ” sizes, so that wear in the working barrel may be compensated 
by substituting a new plunger of larger diameter (0.02 in.) than the old. 
The wide variety of plunger sizes available permits of selection of plungers 
to provide any clearance thought to be desirable in contending with high 
fluid pressures or ground temperatures. Plunger lengths are either 48 
or 60 in. The material is a high-carbon steel tubing, sometimes chromium 
plated where the pump is to be subjected to unusual wear or corrosion. 

In order to compensate for inequalities in the bore of the working 
barrel, occasioned by wear or otherwise, some pump plungers are equipped 
with spring-actuated rings similar to those used on automobile-engine 
pistons. Plunger rings apparently function satisfactorily in maintaining 
a fluid seal between the plunger and the barrel but represent an additional 
complication in pump design and construction that is unnecessary if 
plungers and barrels are accurately fitted and if abnormal wear can be 
prevented by efficient sand exclusion. 

Another method of reducing slippage losses of oil and gas between 
the plunger and barrel involves use of a corrugated plunger, machined 
with equally spaced grooves around the outer circumference. It is 
claimed that plunger leakage is reduced by expansion of oil in the 
annular space between the plunger and the barrel into the free spaces 
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provided by these corrugations; however, the grooves are said to accumu- 
late sand, which scores the polished surface of the barrel. 



A type of plunger preferred by some operators is made 
up of two or more short plungers connected by steel plunger 
extensions carrying leather or composition cups : the so-called 
^'combination'’ or "multiple" plunger (see Fig. 111 ). Such 
an assembly, it is claimed, adapts itself better to irregu- 
larities in the bore of the working barrel, and the cups serve 
to pick up and absorb any sand that may find its way 
between the plunger and the barrel, thus reducing the scoring 
action on the polished surfaces. A plunger extension, 
equipped with cups, is frequently used on the top, and 
occasionally on both the top and bottom, of long steel 
plungers as a means of protecting the polished surfaces of 
the plunger and barrel against sand scoring (see Fig. 109). 

Valves and Seats. — The valve assembly used in oil- 
well plunger pumps consists usually of a steel, brass or 
bronze ball with a disk-shaped, bevel- or cup-edged reversible 
seat of the same material (Fig. 112). Brass or bronze valves 
are used when corrosive waters must be handled, and 
stainless steel or chromium-plated balls and seats are also 
occasionally used under highly corrosive conditions. For 
long service with sandy oil, chromium and other special 
alloy steels are employed. The seat is supported securely in 
a steel body in such manner that it will not be dislodged 
by the ascending fluid. The ball is enclosed and prevented 
from being forced out of alignment with its seat by a cage 
or "crown," which is screwed to the valve body. The cage 
may have two, three or four wings and is of sufficient height 
to allow the ball to rise so that it clears the seat, permitting 


around the ball and out between the wings. 
Pumv Co.) The upper portion of the cage is usually equipped with a 
— Co^mbi- threaded pin or with a mandrel designed to be engaged by 
nation or a retrieving device. The entire valve assembly is rigidly 
hunger! ^ ^ ^ts proper position in the standing- 

valve barrel or working-barrel foot piece or in 
the plunger, either by a screwed connection or by close, 
frictional contact. 

Whereas both customarily use ball and disk-seat valves, 
there are important differences between standing valves ““Bair’ and 
and traveling or working valves. The standing-valve body 
(see Fig. 113) is usually designed to fit securely in a tapered recess 
provided in the standing-valve barrel or foot piece (Fig. 114). To 



MECHANICAL DEVICES FOR LIFTING OIL FROM WELLS 227 

increase the frictional hold, the standing-valve body is often faced 
with leather washers or babbitt metal, the soft metal or leather packing 
being shaped to fit snugly within the conical recess and taking a friction 
hold when forced into the barrel by the downward pressure of the 
plunger and sucker rods. The valve body must be so securely held in 
its barrel that it will not be dislodged by upward pressure of the fluid or 
by the jarring action of the plunger. Closeness of fit of the standing- 
valve body in its barrel is also essential in preventing leakage of oil 
around the valve body. 



Fig. 113. — Types of plunger-pump standing valves. 

(a) Leather-packed valve; (6), babbitt-packed valve; (c) double-valve type. 


The Ritter standing valve (Fig. 114) is equipped with a lock ring, 
which expands into a tapered groove in the standing-valve barrel, a 
device that assists in holding the valve in position yet does not prevent 
its ready withdrawal when desired. The Kelly standing valve (Fig. 
115) has the tapered portion of the standing-valve body near the bot- 
tom instead of at the top, thus preventing sand from packing around the 
body. The lower portion acts as a guide in seating. 

There are important advantages in so designing the standing valve 
that it offers a minimum of resistance to passage of fluid. This is accom- 
plished in most cases by special features of design, which permit the use 
of as large a ball as possible (Fig. 116). In some cases, however, as in 
the plumb-bob valve, this is realized by fundamental changes in the 
form of the valve and its seat (Fig. 117). The plumb-bob type of valve, 
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not widely used, has the advantage of offering less flow resistance than 
the ball type but because of the wider contact of the seat with the valve 
affords greater opportunity for sand to lodge between them, thus occasion- 
ing valve leakage. 

The space within the wings of the standing valve cage must allow 
only moderate clearance for the ball in order to ensure proper seating, 
and yet must permit the ball to rise and fall freely. The surface of 
contact of the wings with the ball should be as small as 
is consistent with strength and service, in order to 
minimize the tendency of the bail to adhere to the 
wings. This is at times a source of inefficiency, partic- 
ularly if water-saturated clay or sand finds its way 
into the pump. Two-way cages are used in pumping 
viscous sandy oil, but three- and four-way cages are 
more common. The height of the cage should be no 
greater than necessary to permit the ball to clear the 
seat and provide a sufficient annular space for the oil 
to flow through without undue friction. A greater 
motion of the valves than necessary induces rapid wear 
and pump inefficiency. 

The working or traveling valve is customarily also 
of the simple ball and reversible-seat type, the seat 
being mounted in a plunger bushing of suitable form, 
generally screwed to the top of the plunger, whereas 
the valve is held in position over the seat by a cage 
having a threaded connection for screwing into a 
{Courtesy of Axeison suckcr-rod coupling or box (Fig. 118). The ^^posi- 

Machine Co.) ,• n i i . 

Fig, Ii4.--Sec- tive-action” working valve is specially designed for the 
tionai view of Ritter pumping of viscous Sandy oils. In this, the valve is 
standing valve. mounted on a vertical stem below the seat, the down- 
ward displacement of the valve from its seat being limited by a shoulder 
above the cage on the upper part of the stem. 

Segregation of gas from the oil between the working and standing 
valves may be the cause of serious inefficiency in pump operation. This 
can be partially remedied by placing a working valve in the lower end 
of the plunger in addition to that at the upper end. The volume of 
suction space between the standing and working valves is thereby greatly 
decreased. A plunger design in which this objective is sought is illus- 
trated in Fig. 121. When a bottom plunger valve is used, it becomes 
impractical to use the Gar butt-rod attachment for pulling the standing 
valve. In its stead, one or another of the several types of standing- 
valve pulling devices must be used (Fig. 121). These provide attach- 
ments on the lower end of the plunger and top of the standing-valve 
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cage, which engage when the plunger is lowered on the standing valve 
and turned. 

A somewhat unusual style of pump, designed to reduce the suction 
volume by reducing the distance between the valves, provides a standing 
valve that is mounted on an extension tube above the standing-valve 



Fig. 115. — Kelly stand- Fig. 116. — Over-size 
ing valve. standing valve with re- 

versible cylindrical seat. 


barrel, so that it projects up inside the plunger. Two standing valves 
are sometimes used, one in the normal position in the lower standing- 
valve barrel, and the other above in the upper end of the extension shoe 
within the plunger (see Fig. 113C). The lower end of the plunger 
engages the upper standing valve bushing when it is withdrawn, so that 
the device also performs the function of a Garbutt rod. 

Insert Pumps 

Under difficult pumping conditions, i^^here sand may 
necessitate frequent withdrawal of the tubing and rods in 
order to bring the working barrel and plunger to the surface 
for repairs or replacements, much pumping time will be lost. 

^Tulling’’ a string of rods is a matter of no great difficulty, ~piumb-bob 
but if the tubing is also to be drawn from the well consid- 
erably more labor and time are required. The insert type 
of pump is designed to bring all parts of the pump that are subjected 
to wear to the surface, merely by withdrawing the rods, and reinsertion 
of the repaired mechanism is accomplished by the same means. 

Figure 123 illustrates typical insert pumps of regular’’ pattern 
The tubing is provided at its lower end with a pump jacket equipped with 



f 
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a special foot piece designed to engage a gripping device mounted on the 
lower end of the working barrel, which is later lowered on the rods with 
the plunger. When the gripping device takes hold, the working barrel 
is held stationary during the operation of the plunger; but on drawing- 
up the rods until the top of the plunger engages the upper end of the 
barrel, the entire assembly can be withdrawn to the surface, ihe grip- 
ping device may be of mechanical construction or may simply depend 
upon the frictional contact of closely fitting parts. Figure 124 pictures 
another style of insert or “pull-out^' pump. In this, the plunger sup- 
ports the standing valve at its upper end and is stationary while the 

working barrel, which carries the working 
valve in its upper end, telescopes over the 
plunger and reciprocates with the rods. 
On lifting the barrel until the bushing in 
I the lower end engages the belled portion 
M of the plunger near its upper end, the en- 
^ tire pump may be withdrawn to the sur- 
^ face on the rods. 

Insert pumps generally have a lower 
capacity than a standard form of pump 
that would normally be used on the size of 
tubing which must be employed; conse- 
quently, they are best adapted to use in 
wells of advanced age that have declined 
to a relatively small rate of production. 
Some models are designed to fit into the 

Fig. 118 . — Valve crown 
“cage'’ and sectional view 
working valve. 

contact of leather or composition cups, 
and are frequently installed in old wells rather than pull the tubing 
and replace a worn working barrel. In ’wells where production has 
dropped to such a point that operation of a larger capacity pump is 
not justified, an insert pump is economical in power consumption, 
maintenance and in time and cost of pulling jobs. Because of the small 
cross section of the flo'w channel and consequently higher oil velocity, 
such a pump is also advantageous in handling sandy oil. The smaller 
plunger diameter of this style of pump also subjects the rods to less stress 
and elastic elongation in deep-well pumping. 




or top of a working barrel of ordinary pattern, 
^ being held in position by the frictional 


The Fluid-packed Pump 

Although the types of steel plunger pumps described above are 
capable of handling oil with a considerable amount of sand in suspension, 





(Courtesy of D cfc B — Emsco Pump Co.) 

Fig. 119. Fig. 120. Fig. 121. Fig. 122. 

Styles op Steel-liner Oil-well Plunger Pumps. 

Fig. 119.-— D & B Regular-pattern steel-linear plunger pump. 

Fig. 120. — D & B Parker-style pump with four-cup top extension. 

Fig. 121. — D & B Regular-pattern pump with Thompson gas valve. 

Fig. 122. — C & W style pump with Thompson Valve and “macaroni” extension. 

1. Upper collar 6. Plunger nut 11. Plunger-cup assembly 

2. Traveling or working valve 7. Garbut rod 12. Thompson lower-plunger gas valve 

3. Working-bp-rrel Jacket 8. Standing valve 13. Standing-valve retrieving device 

4. Liner ’ 9. Standing-valve body 14. “ Macaroni” tubular sucker “rod” 

5. Plunger 10. Lower collar 15. Oil inlet ports 
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maintenance costs and interruption of service incurred in making repairs 
and replacements may be costly if the amount of float sand entering the 
pump with the oil is excessive. If sand finds its way between the polished 



Fig. 123.-— 
Types of inserted 
working-barrel 


pumps. 



{Courtesy of D & B — E Fris- 
co Pum'p Co.) 

Fig. 124. — Insert 
type of pump, inverted 
pattern with stationary 
plunger. 


hio-h hvdm^f depends for security against leakage under 

d cb-ne^ T operating efficiency rapidly 

declines. In other cases, where pumps are subjected to unusually high 



MECBANiCAl DEVICES FOE LIFTINO OIL FROM WELLS 238 


I—" 


ground temperatureSj the close-fitting plunger may be objectionable 
because of the tendency of the unequal coefficients of expansion of the 
metals comprising the working barrel and plunger to alter plunger clear- 
ances. For such conditions, the ''fluid-packed'' 

pump has been especially designed. By its peculiar ’ 
construction, this pump provides an unusually 
large clearance between the barrel and the plunger 
and as a result, it is capable of successfully handling [ 
fluid containing larger amounts of sand and at higher ! 
ground temperatures than pumps equipped with ! 
close-fitting plungers. b 

i: 

Two different models of fluid-packed pumps are manu- !' 
factured: the ^'removable type/' an insert pattern which is so f 
designed that all wearing parts can be withdrawn to the [ . 
surface by removing the sucker rods; and the ''rigid type/' in j 
which a part of the pump is withdrawn with the rods while the ; 
remainder is attached to the well tubing. Figure 125 is 
illustrative of the removable type. Reference to this illus- *" 
tration will show that the pump consists of two concentric 
reciprocative tubes 1 and 2 joined at the top and telescoping 
over and in a third fixed tube 3, called the "standing tube." 

This is stationary, being anchored to the standing-valve 
shoe 4 by means of the standing valve mandrel 5. This 
mandrel has a babbitted seat, giving it a leak-proof fit in the : 
shoe. It is fluted, with a rounded head at the end, allowing 
it to contract and pass the shoulders shown inside the stand- 
ing valve shoe when being anchored or pulled. About 500-lb. 
pull is required to remove it from its seat. The mandrel also 
holds in place the standing valve ball and seat 6. Screwed to 
the top of the traveling tubes is the top cage 7, which acts as a 
housing for the upper traveling valve 8 and also serves as a 
connection to the sucker rods. Screwed into the inside of the 
traveling tube is the lower traveling valve 9. This part also 
contains part of the retrieving device, having on its end a 
puller head 10, which, when the traveling tubes are lowered^ 
enters the puller space shown in the lower end of the standing 
tube 11. Turning the rods to the right engages the puller . _ 
head beneath the shoulders in the puller space, after which 
the complete pump assembly can be withdrawn from the well 
on the rods. The jacket 12 serves as a housing for the pump 
assembly and is screwed to the tubing by means of the top 
jacket connection. The gas-anchor plug 13, together with the 
tubing thread on the outside of the standing-valve shoe, serves as a connection for 
the gas anchor. Above the standing-valve ball and seat, there is a pin through the 
diameter of the standing tube to keep the ball from lodging against the shoulders of 
the pulling device and cutting off the upward course of the fluid. There is also 
another pin in the inside traveling tube, above the lower traveling valve, to keep the 
ball from rising too high in the tube. 


6 


4i 


-n 


{Courtesy of Fluid Packed 
Pump Co.) 

Fig. 125.— Fluid- 
packed pump, positive- 
pull type. 
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The cycle of operation of this pump is similar to that of the ordinary plunger pump 
previously described (see page 219). On the upstroke, the standing valve 6 opens, 
admitting oil from the well to space A. On the downstroke, the standing valve closes 
and the traveling valves 8 and 9 open. Oil is displaced from space A into space B, 
above the lower traveling valve. Oil previously occupying this space is thereby 
displaced upward through the upper traveling valve 9 into the space between the 
sucker rods and tubing. 

Clearance between the traveling and stationary tubes is approximately 0.02 in. on 
the diameter, giving a veiy loose fit and free telescoping action. This is a materially 
greater clearance than is provided between the ordinary close-fitting steel plunger 
and working barrel. The fluid-packed pump depends for its security against slippage 
(1) on the length of the plunger tubes, which ranges from 10 to 15 ft., and (2) on the 
design of the pump, which requires that any leakage from the tubing past the moving 
and stationary parts must travel through a restricted annular space only 0.01 in. 
wide and nearly twice the length of the tubes. For example, anj^ oil finding its way 
into space C (Fig. 125), between the pump casing and the outer traveling tube, in 
order to escape back into the well beloAV the standing valve, would have to flow up 
through the annular space between the outer traveling tube and the stationarj^ tube 
into space D and thence dowm between the stationary tube and the inner traveling 
tube. It is onl}^ on the upward stroke, when the standing valve is open, that there is 
any possibility of slippage; and, inasmuch as the time consumed in making an upstroke 
is only about 1 sec., it is apparent that the amount of fluid that could be forced through 
this long tortuous channel would ordinarily be small, particularly with the more 
viscous oils. On the downstroke, the standing valve is closed and the pressures on 
the inside and outside of the pump assembly are veiy nearly equal. 

Fluid-packed pumps have lower theoretical displacement capacities than ordinary 
steel or cup-packed pumps of equivalent diameter, but the manufacturers state that 
this is offset by greater efficiency resulting from a longer effective stroke and lower 
frictional resistance of the plunger. It is also claimed that this type of pump, because 
of its loose-fitting free-dropping plunger, can be operated at a greater number of 
strokes per minute. Reduced plunger friction, afforded by the liberal clearance 
provided between tubes, gives this pump an unusually long life with little “down 
time’’ for repairs or replacements. Strain on the sucker rods is also reduced to a 
minimum. 


CmcuLATiNG Pumps 

Another group of oil-well pumps designed to handle sand-laden oil 
to better advantage than is possible with the common form of plunger 
pump are known as ''circulating pumps.” This type of pump employs 
a stream of clean oil that is forced down from the surface, outside of the- 
tube that carries the ascending fluid, lubricating the plunger, preventing 
sand from entering the space between the plunger and the barrel and, 
by the additional volume of fluid thus provided, increasing the ascending 
velocity and carrying capacity for sand. Several different forms of these 
pumps have been designed and have found useful service in fields where 
sand conditions are troublesome.^^ 

In one design (see Fig. 126), a loose-fitting plunger is used with clear- 
ance between the plunger and barrel ranging from 0.004 to 0.0015 in. 
Oil is forced to the surface by the pump through hollow tubular sucker 
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‘^rods/^ or macaroni/' as small- 
sized tubing is called when used in 
this way. A stream of clean oil is 
forced dowm between the tubing and 
hollow rods from the casing head by 
a double-acting circulating pump 
situated on the derrick floor. The 
clean oil passes downward to the 
pump, through the clearance space 
betw’een the plunger and barrel, mix- 
ing with the incoming stream of 
sandy oil above the standing valve 
at the lower end of the plunger. 

The pump differs from the 

pump jusfc described in that solid sucker 
rods are used instead of ^hnacaroni” (see 
Fig. 127). The circulating oil is, in this 
case, forced down between the tubing and 
casing and, by means of a packer placed 
between the tubing and casing immedi- 
ately above the pump, is passed into an 
annular space between the tubing and a 
slightly larger ‘^jacket’' tube about it. 
Clean oil passes down through this space 
and is injected in the form of a jet into a 
mixing chamber between the two standing 
valves, disposed one above the other in a 
short vertical tube, where it mixes with the 
incoming oil from the reservoir rock. 

A large quantity of oil may be circu- 
lated, the amount being controlled by a 
‘^bean” that applies back pressure on the 
flow line at the surface. The back pres- 
sure is also brought to bear upon the oil 
sand, thus restraining sand incursion to 
some extent. It is claimed that the pres- 
sure of the circulating oil reduces the load 
on the rods and that the circulated oil is 
capable of absorbing a part or perhaps all 
of the free gas that may find its way into 
the pump. 

Circulating pumps have capaci- 
ties as high as 650 bbl. of fluid per 
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day, of which 10 to 50 bbl. represents ^^-^4 


recirculated oil. They are capable 
of handling large quantities of sand 
with the oil, the volume of oil recir- 


Fig. 126. — Julian circulating pump, loose- 
plunger type with “macaroni” rods. 
Fig. 127. — Kynro circulating pump, valve- 
controlled type. 
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culated being proportioned to the amount of sand in the fluid entering 
the pump. The additional power and equipment required in circulating 
oil through the well is not ordinarily a factor of much importance in 
contrast with the saving in maintenance expense effected. 

Well Tubing 

The tubing on which the pump working barrel is suspended and 
through which the well fluid is pumped to the surface is subjected to 
destructive vibration and continual variation in stress, which may lead 
to fatigue failure. The tubing undergoes with each stroke of the plunger, 
an elastic elongation and contraction that, in a long column of tubing 
in a deep well, probably results in a movement of several inches at the 
lower end. This elastic elongation and contraction of the tubing with 
each stroke of the pump causes abnormal wear on the tubing collars and 
casing and throws considerable strain on the threaded joints, sometimes 
occasioning parting of the tubing by failure of the metal at the base of 
the threads near the ends of the couplings. Frequent failure of plain 
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Fig. 128. — Standard types of oil-well tubing. 

tubing as a result of reducing the thickness of the metal at the joints by 
cutting threads has led to widespread use of upset-end tubing, in which 
the metal walls at the end of each joint of tubing are locally increased in 
thickness to compensate for the metal sacrificed in the cutting of threads. 

The American Petroleum Institute has adopted standard weights and 
dimensions for well tubing as shown in Table XII. The material 
employed is either wrought iron or steel. Of the several standard sizes, 
the 2“, 2}^- and 3-in. sizes are most used. Larger sizes are frequently 
used in flowing or gas-lift wells, but seldom in pumping wells. Details 
of the threaded joints employed for both plain and upset-end tubing 
have also been standardized as indicated in Fig. 128. It will be noted 
that the design provides ®a longer-than-normal coupling with long thread 
.engagement, thus contributing greater security against parting and leaky 
joints. Collars are recessed at the ends to facilitate stabbing and to 
prevent cross-threading in making up joints. When it is considered 
that a long string of tubing may weigh many tons and that a large part 
of the total weight is suspended from the surface, the necessity for maxi- 
mum security and dependability in the joints and in the quality of the 
material is apparent. 


Table XII. — Sizes and Weights op A.P.I. Standard Plain and External Upset-end Tubing 

A.P.I. standard tubing — plain 
*^Size^’ of A.P.I. tubing indicates 7 imninal diameter 
All dimensions in inches at 68°F. 



238 


OIL FIELD EXPLOITATION 


American Petroleum Institute plain tubing of normal sizes is threaded 
with llK threads per inch, whereas 10 threads per inch are used on 
upset-end tubing. The only exceptions are found in the use of 10 threads 
per inch on 3^ and 4 in. plain tubing and the use of 1132 threads on 
l}i and in. upset tubing. Briggs standard pipe thread is used, 
tapered with respect to the axis of the pipe and with flattened crests 
and troughs on the 60° V-shaped threads (see Fig. 128). The material 

used in manufacture of A.P.I. standard tub- 
ing may be either Bessemer, open-hearth or 
- Tubing electric-furnace steel, wrought 



- Casing /?e(Kf 



% 



'!'i 




anchcr 


iron or open- 


welded or made by rolling out a pierced billet 
on a mandrel to form a seamless tube. 
Seamless steel tubes are available in four 
different grades, A, B, C and D, having the 
physical and chemical properties indicated in 
Table XIIL 

Tubing Hangers. — Inasmuch as the work- 
ing barrel of the pump is usually suspended 
on the tubing some distance above the 
bottom of the well, it is important that the 
tubing used in a plunger-pump installation 
be securely suspended at its upper end, so 
that there may be no possibility of the 
column falling to bottom. Such an accident 
would result in severe damage to the tubing, 
causing it to bend, buckle, collapse or tele- 
scope in the collars and necessitating difficult 
and costly repair operations. The usual 
method of supporting the tubing is to attach 
at its upper end a tubing hanger, which rests 
upon or engages some part of the casing head. 
Inasmuch as the weight of the column of 
tubing may aggregate nianj^ tons, the sup- 
porting devices employed at the casing head 
must obviously be of substantial character. 
Figure 129 illustrates a satisfactory type of 
hanger in which the tubing is supported on 
slips built into a substantial steel housing, which is clamped in the upper 
end of the casing head. 

Tubing Catchers. — The column of tubing sometimes parts in the well 
by unscrewing in a collar as a result of continual vibration, or by failure 
due to fatigue, excessive stress or improperly made-up or otherwise 


{Courtesy of Hercules Tool Co.) 
Fig. 129. — Hercules tubing 

hanger and anchor. 



Table XIII.— Physical and Chemical Pkoperties of Steel and Iron Used in Manufacture of A.P.I. Standard Tubing 
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defective joints. In order that the lower end of the parted column of 
tubing may not fall to the bottom in such an event, it is a good precau- 
tionary measure to insert a tubing catcher in the string near its lower end. 
A tubing catcher also prevents dropping of a column of tubing on bottom 
in case the surface supports fail, either during installation or while the 
pump is in operation. Typical tubing catchers are illus- 
trated, in Figs. 69 and 130. The Bryon-Jackson catcher, 
illustrated in Mg. 130, consists of an arrangement of slips, 
actuated by links pivoted on a relatively heavy mass of 
metal, which in turn is supported by a spring mechanism. 
These elements are grouped about and are supported by a 
tubing nipple of the same size as the tubing string, on 
which it is to be used, and about 5 ft. long. In the event 
that the tubing falls, because of its inertia and the influence 
of the spring, the heavy mass of metal tends to lag behind, 
resulting in a relative movement between the tubing and 
slips, sufficient to press the slips against the casing so that 
they take hold and suspend the tubing. Such a catcher 
operates within a space of 2 to 6 in. of tubing drop. 
One catcher is sufficient for a tubing string less than 4,000 
ft. long, whereas, for longer strings, two or more catchers 
may be used at different points in the column. The lower- 
most catcher is often placed several hundred feet above the 
working barrel, necessarily within the casing and above the 
casing perforations. 

Tubing Anchors. — ^As explained above, the tubing 
extends and contracts with each stroke of the plunger. 
Tubing anchors are designed to anchor the tubing securely, 
at its lower end, to the casing, so that the tubing is main- 
tained under such tension that its elastic response to the 
reciprocating motion of the plunger is minimized. The 
device is equipped with a set of slips that are so designed 
that o.nce set the tubing may move neither up nor down 
with respect to the casing (see Fig. 129). The slips are set by turning 
the tubing after it has reached its proper depth and released, when 
necessary to raise or lower the tubjng at any subsequent time, by the 
same means. 

Tubing Drains. — When the tubing and rods must be withdrawn from 
the well simultaneously, as may happen when the plunger becomes 
frozen in the working barrel by sand accumulation or otherwise, it is 
convenient to have a means of draining the accumulated oil in the tubing. 
For this purpose, a tubing drain or bleeder may be inserted in the string 
of tubing just above the working barrel. This consists of two close- 



Fig. 130.— 
Byron- Jackson 
tubing catcher. 
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fitting concentric tubes, the inner tube being free to turn with the tubing, 
whereas the outer tube remains stationary owing to the pressure of a 
pair of springs against the casing. Tw’o holes, one in the side of each 
tube, may be brought opposite each other by turning the tubing at the 
surface, thus permitting the oil within to flow out into the casing. 

Tubing Checks. If the well produces sufficient gas with the oil, 
it may tend to flow through the working barrel and tubing while the 
latter is being lowered into position. To avoid this, a special collar is 
used in the tubing near the bottom, equipped with a disk that prevents 
upward movement of the fluid. The disk is of brittle cast iron that can 
be broken out by dropping a weight down the tubing from the surface 
after it has reached its final position. The w^eight and fragments of the 
disk fall to the bottom of the gas anchor wffiere they do not obstruct later 
access of oil to the pump. 

Gas Anchors. — It is common practice to make use of some form of 
gas anchor to restrict admission of gas to the working barrel with, the oil. 
In its simplest form, this consists of a joint or two of tubing suspended 
from the shoe of the working barrel, capped at its lower end and provided 
with one or more holes near its upper end through which oil may enter 
(see Fig. 13 lA). The holes in this tube fix the lowermost level to which 
fluid may be depressed by action of the pump. Oil entering this tubing 
is permitted to enter the pump only through a smaller tubing, concentric 
with the outer tubing, the upper end of which is screwed to the standing 
valve foot piece, wffiereas its lower end is well submerged beneath the 
surface of the fluid in the outer tubing. Figure 131 also illustrates two 
other more complex styles of gas anchors that have found use in oil-well 
pumping practice. In each case, separation of gas from the oil is accom- 
plished by causing the oil to flow down through the annular space between 
two tubes, one telescoped within the other. During this downward 
movement of the oil, the gas separates and moves upward by reason of 
its lower density, escaping, through apertures above the oil inlet, to the 
space between the casing and tubing from which it is permitted to escape 
at the side outlets of the casing head. 

Sucker Rods 

The sucker rods connecting the pump plunger in the working barrel 
with the source of power at the surface must be properly designed to 
resist successfully the great stresses to which they are subjected in pump- 
ing service. In the early period of the oil industry when the wells 
pumped were comparatively shallow^ wooden rods were used. Even 
today, in some of the shallow fields of the Appalachian region, wooden 
sucker rods are still met with. Such rods are of hardwood, connected 
by iron or steel straps with threaded box-and-pin joints. The straps 
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are riveted, one at each end of each rod section. For shallow wells 
where their strength is adequate, wooden rods have an advantage over 
metal rods in their lesser weight, which is further reduced by the buoyant 
effect of the oil. 

Today, in practically all oil fields where wells are pumped, metal 
sucker rods are employed. Mild steel is the metal used in most cases 



ABC 

{Types B and C after B, H. Scott, Oil-Field Engineering.) 
Fig. 131. — Types of gas anchors. 


where this type of steel is sufficiently strong, but in deeper wells where 
greater strength is required high-carbon steel or special alloy steels con- 
taining manganese, nickel or molybdenum are employed. Much has 
been accomplished in increasing the quality of sucker-rod steel by special 
methods of heat treatment and normalizing. For use in wells producing 
hydrogen sulphide or high-sulphur oils, where corrosion is detrimental 
to most steels, wrought iron or steel with low carbon content is found 
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A B C 

Fig. 132. — Typical double-pln-and-collar sucker-rod joints. 

/I, D & B joint, using Whitworth thread; B, Axelson joint, using vanishing thread; C, detail of 
vanishing thread. 

each of which has been standardized by the American Petroleum Insti- 
tute (see Fig. 132). In one of these, a pin on one end of one rod screws 
into a box on the opposite end of the connecting rod. In the second 
type, both ends of each rod are provided with threaded pins and the rods 
are connected by couplings. The latter type of joint is now generally 
preferred as it can be repaired at lower cosh than the box-and-pin type. 
Wear, occasioned by the rods scraping on the inner walls of the tubing 
as they reciprocate, falls largely on the joints because they are of larger 
diameter than the rod proper. .Wear on the box of a box-and-pin type 
of joint requires that a new end be welded on the rod, a costly and 


to be more resistant. Efforts to apply corrosion-resisting coatings of 
zinc, lead and cadmium to sucker rods have thus far proven unsuccessful. 

Metal sucker rods are cylindrical in form, either 20 or 30 ft. long and 
obtainable in three standard diameters, %, Yi and Y in- Thirty-foot 
rods are preferable because there will be fewer joints in making up a 
string. The rods are upset at the ends and forged to form a wrench 
square and a threaded pin or box. There are two types of joints used, 
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difficult operation, which requires the facilities of a forge shop. With 
the coupling joint, the wear falls largely on the coupling, which can be 
quickly and inexpensively replaced on the derrick floor. 

The type of thread used on sucker-rod joints, the pitch and length of 
threads and other details of design have been standardized by the 
American Petroleum Institute. The threads used (Fig. 133) are U. S. 
Standard flat-top 10-pitch, and “vanishing’' threads are provided toward 
the base of the pin in order to provide additional metal to resist breakage 
at this point. However, break^e at the base of the pin is still common, 
probably because of overstressing in the vanishing-thread section in 
making up joints.* Since the A.P.I. sucker-rod standards were adopted, 
it has been shown that undercutting the joint, by cutting away the vanish- 
ing threads at the base of the pin, accomplishes a more uniform dis- 



A,J?L STANDARD BOXrAND-PIN SUCKER-ROD JOINT 


SECTION . OF COLLAR AND PIN 
A.RL STANDARD DOUBLE-PIN-AND-COLLAR SUCKER-ROD JOINT^ 

Fig. 133. — Standard types of sucker-rod joints. 

tribution of stress and prolongs the life of the joint by as much as 50 
to 100 per cent in laboratory fatigue tests. The Dardelet thread, a 
self-locking thread that cannot be jarred loose, is a recent improvement. 
Streamlining sucker-rod joints, by rounding off all angular corners and 
edges, reduces flow resistance and increases efficiency. 

In pumping deep wells, sucker rods are subjected to high tensile 
stress that occasionally taxes the strength of the steel beyond its 3 deld 
point so that they pull apart. For ordinary steels having a tensile 
strength of 60,000 lb. per square inch and a yield point of 40,000 lb., 
the safe working loads may not exceed 17,600 and 24,000 lb., respec- 
tively, for and %-in. rods. This will often be insufficient in operating 
2J-^- or 3-in. pumps in deep wells. Increasing the rod diameter to 1 in. 
or more would provide only moderately greater security because of the 
greater weight of the larger rods. Instead, rod manufacturers are 

* Kemler, E., and Vollmer, L. W., An Investigation of the Load in a Sucker 
Eod loijxif PetToUum Eng., July, 1933. 
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HLGCting this problem of sucker rod breakage in deep-well pumping by 
developing steels oi greater strength. Important progress has been 
made in this direction by careful selection and heat treatment of steels 
and by the use of alloy steels. A certain grade of chrome-molybdenum 
steel, used in sucker-rod manufacture, has a tensile strength of 130,000 lb. 
per square inch and a yield point of 100,000 lb. Proper heat treatment 
of high-carbon steels is capable of developing tensile strengths as great 
as 120,000 lb. per square inch and yield points as high as 85,000 lb. per 
square inch. 

Ductility is an important characteristic in the selection of sucker-rod 
material, for a brittle steel is unable to resist the continual snap and jar 
developed by frequent stress reversal. High-carbon steels develop 
greater tensile strength than low-carbon steels, but unless carefully heat- 
treated they are unsatisfactory for sucker-rod material because of their 
characteristic brittleness. The addition of 1.3 to 1.5 per cent of man- 
ganese to the steel and heat treatment of each rod subsequent to manu- 
facture fully to normalize the metal produces a material of high yield 
point, yet sufficiently ductile to meet the requirements imposed in 
pumping service.'^' 

Elasticity in a sucker-rod metal is doubtless an important character- 
istic, particularly in deep-well pumping, for on this property depends its 
ability to maintain the beam stroke. Elongation under stress may 
partly if not completely offset the stroke provided by the surface mech- 
anism in a long slovr-moving column of sucker rods, but the elastic 
^^reach” and ^Uift’^ developed in a column of rods, by a properly syn- 
chronized beam motion may result in a plunger movement equal to if 
not greater than that of the.beani. This action of the steel is directly a 
function of its elasticity. For stresses below the elastic limit, tests of 
typical sucker rod steels show elastic elongations of 0.00321 to 0.00351 per 
cent for each pound of tensional stress.f 

Although, theoretically, the elastic limit of the steel determines the 
maximum working load to which the rods may be subjected, it is found 
in field practice that rods may have a very short life, even though the 
elastic limit is not exceeded. This is due to a property of metals termed 
“fatigue.^^ Failure due to fatigue is occasioned by frequent and severe 
reversals of stress, which result in rupture of the metal along its com- 
ponent crystal planes. The fatigue resistance of steel is a highly variable 
property, but tests have shown that, in most cases, failure due to fatigue 
will occur at stresses approximating 50 per cent of the breaking strength 

* McKey, R. P., California Deep-well Sucker Rod Problem Solved by Advanced 
Metallurgy, PciroZewm ITorZd, May, 1934, pp. 55-59. 

t Burnett, R. N., Problem of Selecting Sucker Rods, Oil Gas Jour., September, 
1927, pp. 137, 302. 
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of the metal. If this value is lower than the elastic limit, it will deter- 
mine the maximum stress to which it is safe to subject the rods in con- 
tinuous service. It is seldom feasible to subject sucker rods to stresses 
in excess of 30,000 lb. per square inch without exceeding the point at 
which there is danger of fatigue failure, and for some sucker-rod materials 
15,000 lb. per square inch is the maximum that should be permitted.-^® 

When it is considered that sucker rods in wells that are pumped con- 
tinuously are subjected to upwards of 25,000 alternations of stress daily, 
it is not surprising that the great majority of sucker rod failures are due 
to metal fatigue. Failure due to this cause is easily identified, for the 
rod lacks the characteristic necking down'' of the metal that results in 
failure due to application of strain in excess of the elastic limit. The 
metal fracture will often present a coarse crystalline appearance, parting 
being along the crystal faces. Often the point of failure will be deter- 
mined by some local irregularity in texture or cross section of the metal, 
such as segregation of certain constituents of the steel, which occasionally 
occurs in the process of manufacture or in. its subsequent heat treatment. 
Short bends in the rods, nicks or even minor scratches on their surface 
will be centers of abnormal strain in the metal, greatly reducing its 
resistance to fatigue. It has been shown that rods having highly polished 
surfaces have a greater fatigue resistance than rough-finished rods. 
Many rod failures can be traced to improper methods of forging and 
heat treatment, which may leave incipient fractures in the vicinity of the 
wrench squares and which leave the crystalline fiber of the metal distorted 
and under abnormal stress.'*' 

Sucker-rod Guides. — To prevent wear of the tubing and of the rod 
joints by frictional drag, particularly in crooked holes, sucker-rod guides 
are occasionally used (see Fig. 134). These guides clamp about the 
rods near the joints, and being somewhat larger in diameter than the 
boxes or couplings they receive most of the wear. They are made of 
metal softer than that used in the tubing in order that the latter may 
not be unduly scored as the guides reciprocate up and down with the 
rods. One type of rod coupling, designed to serve the same purpose, has 
a three-winged guide cast about the coupling. 

Polished Rods 

The string of sucker rods in a pumping w-ell is suspended at its upper 
end on a polished rod, w^hich operates through a stuffing box in the tubing 
head. The polished rod, in turn, is suspended on some type of hanger 
from the end of the beam overhanging the well (see Fig. 135). Polished 
rods are usually 1 }^ or Ij^ in. in diameter and range from 11 to 16 ft. 

* Crook, W. J., Heat-treated Sucker Rods Reduce Failure by Breakage, National 
Petroleum News, June 29, 1927, pp. 85-93. 
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Fig. 134. — Sucker-rod guides. 

A, Peerless spring-lock guide; B, American Supply Co’s, guide, cast on rod collar; C and D, Erwin 
rod guide ; C, disassembled and D, assembled. 



Ad jusf-er board, rfh 



Aajas/er' 
fee bolt 

Adjuster cross head 


^-Adjuster p/pe 


Plug.’ 


- Polished rod 

Tee — > 
Nfpple —> 
Coup/fng 



^'Nuf 


--Polished 

rod 


.^Adjuster 

Crosshead 

'■'Walking beam 


' --Adjuster pipe 
Polished rod 

^^Double-grip 
' adjuster 

Nuts 


"'Polished rod 


• Stuffing box 

{Noxon regular) 

Coupling 
Lead line 


^^'Tubing ring 



Casing 

t7ead 


Casing 

^^-Tubim 


-Tubing 

{After H. Q. George^ U. S. Bur. Mines.) 

Fig. 135. — ^ Walking-beam and lead-line connections for a pumping well. 
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in length. They are connected at each end with a threaded box or pin 
like those used on the sucker rods. The material is steel or alloy steel 
and is highly polished on its exterior surface so that it operates through 
the stuffing box on the upper end of the tubing head with minimum 
friction and oil or gas leakage. 



Fig. 136. — “Simples” beam hanger. Sketches at right show how the hanger adjusts 
itself to different positions of the beam. 

Beam Hangers 

For deep well-pumping service with heavy rod loads, some type of 
beam hanger is preferably used instead of the simple T bar and adjuster 
grip illustrated in Fig. 135. In addition to providing a secure connection 
between the upper end of the polished rod and the end of the walking 
beam, most beam hangers are designed to compensate for the circular 
sweep of the end of the beam in such a way as to provide a vertical pull 
on the polished rod. Vertical movement of the polished rod is important 
in order to avoid excessive wear of packing in the tubing head and 
vibration of the tubing. Figure 136 illustrates a typical beam hanger 
designed to accomplish this purpose. 
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Polished Rod Grips and Shock Absorbers 

Many different devices are available for attaching the beam-hanging 
mechanism to the polished rod at any desired point, thus providing a 
means of accurately adjusting the range of movement of the pump 
plunger in the working barrel. Figure 137 illustrates an excellent type 
of rod grip. This illustration also shows a novel form of coiled-spring 
shock absorber designed to relieve the rod to some extent of the destruc- 


(Courtesy of J. P. Ratigan Co.) 

Fig. 137. — Beam hanger, shock absorber and ratchet-type rod rotor. 

B, walking beam; H, beam hanger; P, beam-hanger plates; S, shock absorber; (?, rod grip; (7, clamp; 
R, rod rotor. 


tive ^'hammer^^ which results from rapid reversals in direction and rate 
of movement of the beam and the inability of the long column of rods 
to adjust itself to these rapid changes without vibration. A polished- 
rod clamp for supporting the column of rods on the upper end of the tub- 
ing head, also shown in Fig. 137, is necessary when the beam-connecting 
mechanism is disengaged from the rods. 


Rod and Tubing Rotors 


In crooked holes, the sucker rods bear against the inner surface 
of the tubing, causing rapid wear on the rod joints and cutting grooves in 
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the tubing, an action that eventually results in tubing leakage and part- 
ing. Eccentric strain on the rods immediately above the plunger may 
also cause unequal wear of the plunger and working barrel. These 
difficulties can be largely overcome— at any rate, a more uniform dis- 
tribution of the wear can be brought about — by the use of a rod rotor or a 
tubing rotator. 

Rod rotors are so designed that with each stroke of the beam the entire 
column of rods, together with the pump plxinger, is rotated a fraction of a 
turn. This is generally accomplished with the aid of a ratchet mech- 
anism, actuated by a fixed rod or chain connection with the walking 
beam, which provides a positive rotative action.? The rod rotor illus- 



Fig. 138. — Chain-actuated rod rotor. At right : installed on walking beam. 


trated in Fig. 138 is typical.' A simpler type provides for suspension 
of the rods from the end of the beam on two wire slings, each attached to a 
separate crosshead which takes the load of the rods on different portions 
of the stroke. Twisting of the wire cables, as the load is alternately 
applied and released, causes the rods to turn.* In addition to better 
distribution of wear on rods, tubing, plunger and working barrels, if the 
rods are rotated clockwise, we may offset their tendency to unscrew in 
the well as a result of vibration. It is also claimed that the combined 
rotating and axial movement of the plunger in the working barrel, 
resulting from use of a rod rotor, permits of using a tighter fit between 
the plunger and barrel than is normally possible. 

* SoTjVEKKHOP, L., Plunger Rotors, Summary of Operations, California Oil Fields, 
Calif. State Mining Bureau, vol. 10, No, 4, October, 1924, pp. 5-9. 
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A device known as a “tubing rotator,” having the same general 
objectives as rod rotors, is also available. In the case of the tubing 



(a) Cb) (c) 

{After II. C. George, U. S. Bur. Mines.) 
Fig. 139. — Types of tubing heads for pumping wells. 


rotator, however, no automatic mechanism is provided. The tubing 


is merel 3 r suspended in a special type of casing head 
equipped with a set of tubing slips and mounted on 
ball bearings, which permit of readily turning the 
tubing a fraction of a turn every day, thus chang- 
ing the jjoints of contact of the rods on the tubing 
and resulting in better distribution of wear than is 
possible in a fixed tubing and rod installation. 

Tubing and Casing Heads for Pumping Wells 

Tubing and casing heads for pumping wells are 
available in a variety of different forms (see Fig. 
139). A stuffing box in the upper end of the tubing 
head fits snugly about the polished rod and diverts 
oil and gas into the side outlet at the tee connect- 
ing with the line leading to the oil and gas separa- 
tor. Wear of the packing in the stuffing box is 
often rapid due to the eccentric thrust of the 
polished rod, resulting from the arc movement of 
the beam or other reciprocative mechanism. 



Facilities that afford a ready means of tightening iunderiuer Tool 

or replacing packing and of disengaging the stuffing pig. i39A.~~Casing~ 

box from the tubing head when it is necessary to and tubmg-bead equip- 
® . 1 1 • ment with slips for sus- 

pull rods are a convenience. A sample cock in the pending tubing. 
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connecting lead line near the tubing head affords a convenient means 
of taking lead-line samples of the fluid produced. 

The casing head, which supports the tubing head, must be of sub- 
stantial and preferably gas-tight construction (see Fig. 139). Stuffing- 
box casing heads or '^Braden heads'' are intended 
primarily for use on flowing or gas-lift wells, but are 
useful also on pumping wells where considerable 
high-pressure gas rises to the surface between the 
casing and the tubing (see Fig. 86). For low- 
pressure conditions, a tubing ring, supporting the 
tubing head, rests in a recess in the upper part of 
the casing head and is held in position by set screws 
(see Fig. 135). Security against gas leakage 
depends upon the weight of the tubing that holds 
the tubing ring firmly against its seat. The joint 
may also be packed to reduce gas leakage. There 
are either two or four side outlets, of 2 to 4 in. 
diameter, for withdrawal of casing-head gas from 
the space between the tubing and casing, each con- 
necting through separate lead lines with suitable 
valve control, to the gas-gathering system. 

WiBE-LiNE Pumping Equipment 

Flexible steel wire cable is occasionally used for 
operating plunger pumps in oil-well service. 
Through use of the Parkersburg wire-line pumping 
equipment, the cable may be kept taut and the 
pump operated about as satisfactorily as with the 
less flexible metal rods (see Fig. 140). The great 
advantage of wire cable as a means of connecting 
the power with the plunger is found in the ease and 
rapidity with which the plunger and valves can be 
withdrawn from the well when repairs are neces- 
sary. Metal rods must be unscrewed as they are 
withdrawn, a rather tedious process; but the cable 
may be rapidly reeled on the bull-wheel shaft or 
sand drum as the pump is raised. It is claimed that wire cable is less 
liable to breakage as a result of vibration, bending and fatigue than a 
solid rod; though wear, resulting from friction on the tubing, is more 
severe in the case of cable than with rods. A coarse-laid cable composed 
of 6 strands of 7 wires each resists abrasion more effectively than the 
6 by 19 wire cables and is, therefore, preferred for pumping service. 




Fig. 140, — Wire-line 
pumping equipment. 
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Old drilling cable may often be used for this purpose. A temper screw 
providing easy adjustment of the cable tension is used on the wire-line 
outfit instead of an adjuster grip. The principal difficulties encountered 
in wire-line pumping are found in the stretch of the cable with use and 
the trouble experienced in pulling the working valve when it becomes 
sanded or otherwise jammed in the working barrel. Stretch in the rope 
may be overcome by careful design and manufacture. The sand problem 
is met by raising the standing valve above the barrel whenever the well 
is idle for any appreciable time. Various types of rope guides, some 
fitted with rollers, have been used as a means of avoiding line cutting of 
tubing. 

PRINCIPLES OF OPERATION OF ROD-OPERATED PLUNGER PUMPS 

Having described in some detail, in the foregoing pages, the structural 
features of rod-operated plunger pumps and their incidental tubing and 
sucker-rod equipment and surface connections, we are now in a position 
to discuss some of the principles governing their efficiency of operation. 
The character of motion given the sucker rods by the power-driven 
reciprocative mechanism, as governed by the length and timing of the 
stroke, is an important consideration in determining plunger displace- 
ment and valve action in the pump. Gas, sand or water in the oil 
pumped may be the cause of serious inefficiencies. The fluid submergence 
maintained on the working barrel, the spacing and condition of the valves, 
the clearance between the plunger and barrel — each has its influence on 
over-all efficiency. 

Character of Motion Given the Sucker Rods 

Consideration of the character of motion afforded by the crank- 
pitman-walking beam assembly indicates that the movement of the 
rods is fundamentally simple harmonic. That is, if the system is per- 
fectly counterbalanced so that the crank revolves with constant angular 
velocity, the plunger is accelerated from a position of rest at the lower 
end of its stroke to a maximum speed at the mid-point of the upstroke; 
then uniform negative acceleration results in gradually bringing the 
plunger to rest at the upper end of the stroke^^ (see Fig. 141). The 
downstroke is accomplished with an equivalent sequence of movements. 
This is an ideal motion for plunger pumping but is seldom perfectly 
realized because of the tendency of the prime mover to increase its speed 
on the downstroke of the rods and reduce speed on the upstroke and also 
because the short lengths of the pitman and beam contribute some 
eccentricity to the motion and the elasticity of the sucker rods does not 
permit the plunger to respond immediately to the movement of the 
walking beam. 
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The long column of rods extending down through the well to the pump 
plunger possesses a definite elasticity, which results in a certain delayed 
action in the transmission of motion from the beam to the pump plunger. 
If we suspend a weight on a slender coiled spring and then pull upward 
on the free end of the spring, the latter will stretch before lifting the 
load. If we jerk the spring up quickly, it will contract after starting 
the load and then stretch again. It seems probable that a very similar 
action occurs in a long string of sucker rods suspended in a well. When 
the upstroke begins, the rods stretch as they pick up the load and in 
doing so store up Idnetic energj^, which results in some contraction during 
the latter part of the upstroke. During the first half of the downstroke, 
kinetic energy is again developed, owing to the descent of the great mass 
of the rods, which is expended in stretching the rods as the beam retards 
the descent toward the limit of its downward travel. Under certain 
conditions, this elastic contraction and elongation of the rods may operate 



* {After Brett and Lake, Am. Inst. Mining Met. Eng.) 

Fig. 141. — Velocity-space-acceleration-time graphs for a perfectly balanced pumping well. 

to increase the rod movement, so that the stroke of the plunger may 
actually exceed that of the beam. The upward travel of the plunger 
is often accomplished in but a fraction of the time occupied by the 
upstroke of the beam. 

That this elastic contraction and elongation of the rods is a factor of 
importance in determining the effective plunger stroke is apparent when 
we consider that the load imposed in deep-well pumping is sometimes 
sufScient to stretch the rods by an amount equal to the polished-rod 
stroke. Only by bringing the elastic properties of the rods into play 
through proper timing and adjustment of length of the beam stroke can 
we offset this elongation. Studies of plunger movement under different 
conditions of operation show that under favorable circumstances the 
plunger stroke may equal or even exceed that of the stroke of the polished 
rod. 

In pumping deep wells, the lag caused by elasticity of the rods may, 
according to some authorities, be as much as 180 deg. of the crank move- 
ment^ so that the maximum load on the beam may occur near the top 
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of its stroke instead of at the bottom., as would be the case with an inelas” 
tic niedium.^ Since the upper and lower ends of the column of rods are 
traveling with different velocities, or even in opposite directions in 
extreme circumstances, it follows that there must be acute and frequent 
stress reversals. The result is often a vibratory jar or hammer^’ in the 
rods, causing fatigue of the metal and ultimate parting. Rupture of 
the rods occurs most frequently near the lower end of the column where 
this stress is developed to the highest degree. 

These considerations indicate that for any given column of rods there 
is a certain periodicity in the elastic elongation and contraction deter- 
mined by the length and rapidity of stroke, the length of the column of 
rods, the elasticity of the metal and the load applied. Slight changes in 
the length of stroke of the beam or in the number of strokes per minute 
will result 4n important changes in the plunger movement and in the 
position of the beam at which stress reversals in the rods occur. 

SxjCKER-ROD Stresses 

The total stress in the metal composing the upper end of the column 
of sucker rods is determined by the sum of the static or dead load of the 
rods and plunger and of the oil within the tubing above the plunger and 
of the dynamic^ load occasioned by the lifting and accelerating of the 
rods and column of oil in the tubing. The weight of the rods is ordinarily 
the greater of these loads but will vary with the length of the column 
and with the size of the rods used. 

The static load of the oil within the tubing, bearing down on the 
plunger when the traveling valve is closed, will depend upon the depth 
of the plunger below the point of discharge at the surface, the diameters 
of the plunger and sucker rods and the density of the fluid within the 
tubing. The difference between the cross-sectional areas of the plunger 
and sucker rod, multiplied by the depth of the working valve below the 
point of discharge and by the weight of the fluid per unit of depth, gives 
the total fluid load. In computing the total static or dead load, still 
another force-resisting movement must be taken into consideration. 
This is the force necessary to move the plunger in the working barrel. 
This however, is a force of comparatively small magnitude in comparison 
with the oil and sucker-rod load. 

' The dynamic load on the sucker rods, applied when the pump is set 
in motion, is the force necessary to accelerate a mass equivalent to the 
static load from rest to the maximum upward velocity attained on the 
upstroke. In so far as the beam motion is concerned, it would be a 
comparatively simple matter to compute the rate of acceleration and 
the force necessary to accomplish it, but computation of the plunger 
acceleration presents a more difficult problem inasmuch as the time 
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within which the upstroke is accomplished and the actual length of the 
plunger stroke are somewhat uncertain owing to the elastic properties 
of the sucker rods. Dynamic loads are always considerably less than the 
static loads, often only about one-third or less. Resistance of the oil 
column to upward translation is augmented by the viscous drag of the 
oil on the metal rods and on the inner walls of the tubing, but this repre- 
sents a comparatively small load and one difficult to calculate with any 
precision. 

These combined static and dynamic loads may develop stresses of 
30,000 lb. per square inch or more, in the sucker rods, with large-diameter 
pumps in deep wells operated at high speed. As previously suggested, 
this is excessive for all but the highest grade of sucker-rod steel and should 
be reduced to lower values if conditions permit. Sucker-rod stresses 
may be reduced by using a smaller diameter plunger, smaller plunger 
displacement and fewer stroke reversals, that is long slow strokes. 

The weight of a column of rods increases directly with the diameter; 
hence, in so far as dead load is concerned, the unit stress is the same for 
all rods, irrespective of their diameter. However, when we consider 
that in a tubing of given size, increasing the diameter of the rods dimin- 
ishes the dead load of the oil lifted by the plunger, it is apparent that 
large-diameter rods permit of carrying on pumping operations at greater 
depths than small-diameter rods. Both the static and dynamic unit 
stresses are relatively smaller for larger rods at a given depth. Thus, 
for a 2}4“in. plunger, %-m. rods are 1.44 times stronger than ^^-in. 
rods, %-in. rods are 1.95 times stronger and 1-in. rods are 2.56 times 
stronger.^ 

Because of the dead load of the rods and oil, stress in the rods increases 
as we progress upward from the plunger to the polished rod at the sur- 
face. Reduction of over-all rod load and provision of additional, cross 
section toward the upper end of the column of rods, where the maximum 
load is experienced, suggests the use of a tapered string of sucker 
rods, in which the size of the rods is graduated downward from top to 
bottom. Thus, in pumping a 4,500-ft. well, we might use 1,500 ft. of 
%-in. rods on the upper end, suspending 1,500 ft. of ^-in. rods, with 
1,500 ft. of %-in. rods on the lower end. By this means, unit stress is 
better adjusted to the load imposed at different depths than is the case 
with a string of rods of uniform diameter. 

Use of Dynamometers in Determining Sucker-rod Stresses. — Varia- 
tion in stress in the sucker rods at different parts of the pumping cycle 
may be conveniently determined by either of two types of dynamometers 
or by an electrical device called a Telemeter.’^ Stress diagrams pro- 
duced by such instruments afford a convenient means of analyzing the 
effects of adjustments in length and timing of stroke and counterbalancing 
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of loads and of determining the influence of these and other factors on 
plunger displacement and pump efiiciency. 

One type of sucker-rod dynamometer records the stress exerted on a spring, whereas 
the other records the pressure imposed on a confined fluid. The latter is most used. 
Figure 142 illustrates a well-known instrument of the hydraulic type. This comprises 
a dynamometer unit and an indicating and recording unit that are connected, when in 
use, by a flexible metal tube. The dynamometer unit consists of a pair of heavy steel 
castings pivoted upon each other through hardened steel bearing points. A bronze 
diaphragm unit similar to that used in the Martin-Decker Weight Indicator, useful 
in rotary drilling (see “Oil Field Development,’^ page 220), is affixed to one of these 


(Courtesy of Martin-’Decker Corp.) 

Fig. 142. — Measuring sucker-rod stress with the Martin-Decker pump dynamometer. 

castings at the end opposite the pivot, and the hardened steel bearing point of this 
unit bears upon a hardened plate set into the other casting. The pivot end is slotted 
from the back so that the unit may be slipped transversely over the polished rod above 
the polished-rod grip. A clamp is fastened to the polished rod immediately above the 
dynamometer. Loosening the polished-rod grip below then causes the load to be 
transmitted through the dynamometer. Power from the walking beam passes through 
the beam hanger and polished-rod grip to the lower dynamometer-unit casting. The 
lower casting transmits the load partially through the diaphragm and balancing fluid 
to the upper casting. The upper casting, in turn, transfers the power to the polished 
rod through the upper rod clamp. A flexible covered tube connects the diaphragm 
unit to the indicating and recording unit. This tube, and the space in the diaphragm 
unit above the diaphragmf are filled with an oil of special characteristics; hydraulic 
pressure, applied by distortion of the diaphragm under load, being thus transmitted 
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through the flexible tube to the indicating and recording instruments. The indicating 
instrument is a pressure gage, graduated to show directly the load imposed in pounds. 
The pressure-recording mechanism is essentially similar in construction to that used 
in dynamometers designed for taking engine or compressor-indicator cards. A stylus, 
actuated by a spring, is responsive to pressure variations and traces a pressure line 
on a 2 ‘evolving drum that carries a cylindrical chart. The instrument is placed near 
the Samson post under the beam, and a string or wire connection to a nail or clip 
on the walking beam rotates the indicator drum in direct time relation with the rod 
stroke. The indicator stylus thus traces, upon the cylindrical chart, a graph indica- 














/~X- 




y 4 

^ - 


V . 


JLCiCurL 



y .y>, - 

1 

Pc/mpj. 




1 

i i 

l 1 

f Tbf 


A Slow Stroke Card — Low Rod Loading 

{Courtesy of Martin-Decker Corp.) 

Fig. 143. — Indicator card made with the Martin-Decker pump dynamometer. 

tive of the pressure exerted by the rod load on the diaphragm throughout the up- and 
down-stroke of the beam. Multiplication of the length of the pressure line on the 
chart at any part of the stroke by the dynamometer constant gives directly the 
polished-rod load at that point. The chart reproduced in Fig. 143 is typical of those 
secured with this instrument. 

Analysis of the form of the indicator card will often disclose malad- 
justments of the pumping and power mechanism and will permit of 
regulating the length and timing of the stroke, the spacing of the valve 
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{After Lake and Brett, Am. Inst. Mining Met. Eng.) 

Fig. 144. — Dynamometer card showing variation in rod stress in ideal pumping motion. 

in the pump and the counterbalance to achieve a smooth pumping 
motion and maximum over-all efficiency. Figure 144 presents an ideal 
card, showing a smooth, rapid pickup, a continuous, even load throughout 
the greater part of the stroke, a gradual decrease in load as the upstroke 
is completed and the downstroke started, a uniform minimum load 

Marsh, H. N,, and Watts,- E. V., Practical Dynamometer Tests, Petroleum 
June and July, 1938. 
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throughout the greater part of the downstroke and a smooth increase in 
load as the downstroke is completed. This card is the result of quick- 
acting valves, free-moving plunger, proper spacing of valves and most 
advantageous length and timing of stroke. Figure 145 shows three 
different cards on the same chart taken at the same well, the only change 



Fig. 145. — Dynamometer cards showing effect of counterbalacing on rod stress. A, 100 
per cent of rod weight; B, 125 per cent; C, 75 per cent. 



Fig. 146. — Dynamometer cards showing 
effect of casing-head pressure on rod stress. 
A, 18-lb. pressure; jB, 200 lb.; C, 500 lb. 



Fig. 147.— Dynamometer cards showing 
effect of length of stroke on rod stress. J., 
40 in. stroke; B, 32 in. 


1 12 
'felO 

03 

18 

3 

-c 6 

-t- 


■ 

HI 

HI 

HI 

HI 

■E 




B 

1 

B 





mm 



— • 

— 

— 

— 

■cJ 


— 



s.. 




--- 






i 





/ 








0 4 6 


12 16 20 24 28 

Stroke, inches 


52 56 40 


^12 

^10 

c 

O c 

w o 
o 

8^ 


m 

IBS 

ppppi 


PPH' 



mm 


B 

1 

m 

m 

m 

■ 

B 

B 

m 

m 

m 

■ 

m 

B 

B 

s 


B 

i 

1 

m 

fl 

m 

m 

B 

B 

B 

B 

S 


1 


IS 


m 

. — 

ig| 

■ 

B 

B 

m 

I 


Boa 8 12 ' 16 20 24 28 52 36 40 
Stroke, inches 
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Fig. 148. — Dynamometer cards showing Fig. 149. — Dynamometer cards showing 

effect of number of strokes per minute on effect of pumping depth on rod stress. A, 
rod stress. A, 30 strokes per min.; B, 4,447 ft.; B, 4,232 ft.; C, 3,982 ft. 

23 strokes; C, 18 strokes. 

Well depth, 4,577 ft.; tubing diam., 234 in.; rod diam., % in.; pumping depth, 4,232 ft. except for Fig. 
149; length of stroke, 40 in. except for Fig. 147; strokes per min., 23 except for Fig. 148; per cent of 
weight of rods in counterbalance, 100 except for Fig. 145; counterbalance type, band- wheel balance. 
Average daily production: Fig. 145, 155 bbl.; Fig. 146, 142 bbl.; Fig. 147, 117 bbl.; Fig. 148, 155 bbL; 
Fig. 149, 190 bbl. Gravity of oil, 16.3° A.P.I. 


being an adjustment of the weight of counterbalance used. These 
cards show a rather abrupt load decrease at a certain position during the 
downstroke that is indicative of a difference in the plunger and polished- 
rod velocities. Variation in weight of the counterbalance used alters 
the point at which this change in load occurs. Figure 146 illustrates the 
effect of variation in casing-head pressure. Figure 147 presents two 
cards showing the effect of variation in length of stroke. Figure 148 
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shows how the rate of pumping may be responsible for wide variations 
in rod 'stress. The three cards reproduced in Fig. 149 indicate the effect 
of variation in the depth of the working barrel. 

The Telemeter, an electrical strain gage, has also been adapted to the measurement 
of stresses in sucker rods at pumping wells. This instrument contains two stacks of 
carbon-resistor disks in the form of annular rings mounted in a suitable supporting 
frame. An arm attached to a clamp on the polished rod applies differential pressure 
on the carbon-resistor stacks that is proportional to the stress in the rods. The elec- 
trical resistance of the carbon stacks varies with the pressure to which they are sub- 
jected; and, by measuring and recording this resistance, it is possible to secure a 
dependable stress diagram that is, in some respects, more dependable than an indicator 
card secured with the conventional types of spring and fluid-pressure dynamometers. 



Fig. 150. — Telemeter record showing rod displacement and loading. 

The recording mechanism provides a milliammeter for visual indication of the load 
and an oscillograph and camera for production of a continuous record of rod stress. 
Figure 150 is suggestive of the type of record secured.'*' 

A magnetic strain gage dynamometer has also been developed and successfully 
applied in studies of sucker-rod stress and pump performance. This comprises a 
strain gage of electromagnetic type, which is attached near the upper end of the 
polished rod .and is responsive to changes in rod stress, and a recording mechanism, 
which reduces the stroke of the rods to that of the oscillograph chart. A beam of 
light from the oscillograph mirror moves horizontally with motion of the rods and 
vertically as the load varies, thus tracing an indicator card on photographic film. 
Figure 151 presents a schematic drawing showing the arrangement of equipment used 
in this device, f 

Westcott, B. B., Kemlee, E. N., and Collins, H. D., Dynamometers for the 
Study of Pumping Problems, Petroleum Eng,^ May, 1934, pp. 30-36. 

t Kemler, E., New Type of Dynamometer for Study of Punjping Problems, 
Petroleum Development and Technology, 1935,” pp. 69-81, Am. Inst. Mining 
Met, Eng. 
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Sucker-rod dynamometers, described in the foregoing paragraphs, are designed for 
use above the well-head. Any use of the data obtained by them, in estimating pump 
performance or sucker-rod stretch at depth within the well, must be based on assump- 
tions that are more or less uncertain. A more direct and dependable record of per- 
formance is secured by the pump ‘Mynagraph,^^ a device connected in the lower end 
of the coluinn of sucker rods, just above the pump."^ This device comprises two cylin- 
drical elements, one telescoped within the other and supported on a steel rod. The 
inner tube simply moves up and down with the pump plunger, but the outer one rotates 
as it moves up and down. The relative positions of the two tubes are dependent upon 
the amount of stretch of the supporting rod, which is proportional to the stress in the 
column of rods at that point. A stylus on the rotating element traces a stress dia- 
gram on a piece of soft sheet metal attached to the nonrotating element. The records 



{After E. Kemler, Am. Inst. Mining Met. Eng.) 

Fig. 151. — Schematic drawing of magnetic strain gage used in determining rod stress. 

secured are of the types illustrated in Fig. 152. As indicated in the figure, direct 
interpretations of length of stroke and pump performance are possible, based on the 
form of the record secured. A disadvantage of this device is that the record can be 
secured after a test only by removing the column of sucker rods from the well. 

Elastic Elongation of Sucker Rods under Static Stress 

The weight of the rods and that of the oil supported by the plunger 
and traveling valve may be expected to produce a material elongation of 
the column of rods in a pumping well. On the upstroke of the plunger, 
the rods must bear both their own weight and that of the oil. On the 
downstroke, the rods are relieved of the weight of the oil and therefore 
contract. The rods are thus always stretched under the influence of 
their own weight, but are further elongated on every upstroke by the 
weight of the oil The total weight of the oil may be regarded as con- 
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centrated at the lower end of the column of rods. Stress due to weight 
of the rods varies^ being zero at the lower end and a maximum, equal to 
the total weight of the rods, at the upper end. We may compute elastic 
elongation of a column of sucker rods under static stress with the aid of 
the following formulas: 

On the upstroke 



( 1 ) 


On the downstroke 


^ WrL 
® 2ArE' 


( 2 ) 


Here e is the elongation of the column of rods in inches; Wo is the weight 
of a column of oil of height L and cross-sectional area equivalent to the 


MAX/Mt/M f MAX/MUM STROKE i h MAXIMUM STRCME H 



II 




(After W. E. Gilbert, Am. Petroleum Inst.) 
Fia. 152. — Types of records secured with Gilbert-Sargent Dynagraph. 


^ A, traveling valve sticking; B, standing valve sticking; C, gas lock; D, gas compression, no liquid 
being pumped; E, high fluid level with large gas displacement, spacing good; F, perfect pump perform- 
ance, well performance questionable; G, ideal card, "pumping off” without "pounding fluid”; H, 
"pumping off” and "pounding fluid”; I, loss of stroke due to "hitting down.” Arrows indicate stroke 
lost due to spacing of plunger above standing valve at bottom of stroke. 


difference between the areas of the plunger and rod; Wr is the weight of 
the rods; L is the length of the tubing; Ar is the cross-sectional area 
of the rod metal in square inches; and E is the coefficient of elasticity of 
steel (30,000,000). On the downstroke when the oil is supported by the 
tubing, the weight of the rods must be reduced by an amount equivalent 
to the buoyant force of the oil on the metal comprising the rods. 

These formulas apply only to static stresses or to slow-motion pumping 
where the speed of pumping is less than about 10 strokes per minute. 
It must be remembered that under actual operating conditions, particu- 
larly at higher speeds, elastic elongation and contraction of the rods are 
also influenced by dynamic forces due to acceleration of the static loads. 
Their effect is to be further discussed below in connection with ^^Length 
of Stroked^ 
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Some production men assume that a column of rods will be elongated 
about 1 in. for every hundred feet of depth under average operating 
conditions. The actual stretch, of course, will depend upon the load 
imposed. In one instance, when a 4-in. pump was operated at a depth 
of 2,200 ft. with %-in. rods, it was found that the rods stretched IK in. 
for every 1,000 lb. increase in load.^^ Tests on a 4,050-ft. column of 
^^-in. rods, operating a 2>^-in. pump lifting only 34 bbl. per day, 
indicated that the rods suffered an elongation on the upstroke of about 
40 in. in excess of that existing on the downstroke. With such elonga- 
tions, it is apparent that a very long column of rods must be operated 
with a long stroke, otherwise there will be but little motion transmitted 
to the plunger. However, much of this elongation can be offset by a 
proper pumping motion, which induces an elastic “reach"’ in the rods 
on the downstroke and a “lift"" on the upstroke. The plunger thus 
develops considerable overtravel at both ends of the stroke, beyond what 
would be expected from a consideration of stretch of the rods under 
static loads. 

Elastic Elongation and Contraction op Tubing Due to 
Pumping Stress 

If the tubing is suspended freely from the casing head, it also is 
subjected to important variations in stress that result in a contraction 
in length on the upstroke of the plunger and corresponding elongation on 
the downstroke. This is because the standing valve and working barrel, 
which are suspended on the lower end of the tubing, receive the full 
weight of the oil in the tubing on the downstroke, whereas the plunger, 
which is suspended on the rods, receives the oil load on the upstroke. 
This results in shortening the effective stroke of the plunger. Elonga- 
tion of tubing under stress developed by its own weight may be computed 
with the aid of formula (1), page 262, using the weight of the tubing Wt 
instead of the weight of the rods Tfr. A correction must be applied for 
the buoyant force of the well fluid on such portion of the lower end of 
the tubing as is submerged. This involves consideration of the average 
density of the well fluid and a reduction in the value of Wi by an amount 
equivalent to the weight of fluid displaced. The weight of oil in the 
tubing may be considered to be concentrated at the lower end of the 
tubing during such part of the downstroke as the traveling valve is open. 
For such a condition, we compute elongation of the tubing with the aid 
of the following formula: 

W,L 
^ ~ aE' 

Here e is the elongation of the column of tubing in inches ; Fo is the weight 
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of the oil; L is the length of the tubing; a the cross-sectional area of the 
metal walls ; and E the coefficient of elasticity of the material. Computa- 
tions with this formula indicate that a 4,000-ft. column of 6.5-ib. 

tubing stretches 6.3 in. due to the stress imposed. Use of a tubing 
anchor near the lower end of the column of tubing will to a considerable 
extent prevent this elastic movement. 

Length of Stroke 

The length of stroke given the polished rod depends upon the design 
of the reciprocative mechanism used in transmitting power from the 
prime mover to the rods. A band-wheel crank pitman walking-beam 
mechanism, using 6-in. rig irons, as standardized by the American Petro- 
leum Institute, affords six different lengths of stroke, depending upon in 
which of the six holes in the crank the wrist-pin is placed (see Fig. 106). 
With 6-in. rig irons, the first hole provides a 24-in. stroke; second hole, 
34-m.; third hole, 44-in.; fourth hole, 54-in.; fifth hole, 64-in.; and sixth 
hole, 74-in. There are many rigs still in use, dating from prestandardiza- 
tion days, affording different strokes ranging from 18 to 72 in. In wells 
operated by pumping jacks in multiple pumping, the polished-rod 
stroke varies from 13 to 17 in. Special long-stroke pumping devices are 
also available, some of which are capable of developing polished-rod 
strokes as great as 10 ft The actual plunger stroke is, as previously 
explained, somewhat uncertain because of the elastic properties of the 
column of sucker rods. The stroke of the plunger may be less than, 
equal to or greater than the stroke of the polished rod, though the tendency 
is for stretch of the rods to shorten the effective stroke progressively as 
depth iruTeases. 


Several different rnethods are available for determining the actual stroke of the 
plunger in tlie working barrel. A simple method is that of removing the working 
barrel to tlie surface, observing directly the length of the polished interior surface that 
has been subjected to wear. This method, however, is productive of misleading 
results due to variation in position of the plunger in the barrel. For slow speeds and 
shallow depths where acceleration is negligible — say, less than 10 strokes per minute — 
Marsh* offers the following formula for calculating plunger stroke and, indirectly, 
the stretch of the rods and tubing: 


Stroke of plunger = stroke of polished rod ~ X a coefficient. 

The coefficient in this ecjuation may be computed with the aid of the following formula: 

Coefficient = ^ + IV 

E ^ Aj 


Here Ap is the total area of the plunger in sauare inches; Pp is the pressure in pounds 
per square inch per foot at the pump; Ar is the cross-sectional area of the rods in 

* See reference 7 at end of Chap. VL 
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square inclies; At is the cross-sectional area of the tubing in square inches; and E is the 
modulus of elasticity in pounds per square inch (30,000,000). 

For higher speeds, where acceleration is a factor that must be taken into account, 
we may assume that the plunger stroke is equivalent to the polished-rod stroke minus 
the rod and tubing elongation plus the overtravel produced by the positive accelera- 
tion of the rod at the bottom of the downstroke and the negative acceleration at the 
top of the upstroke. The following formula has been found useful in calculating the 
overtravel due to acceleration : 


e — e' 


imiLNY 

1,000 


Here e is the elongation of the rods at the bottom of the stroke; e' is the elongation 
at the top of the stroke; e — e' is the overtravel due to acceleration, expressed as 
percentage of polished-rod travel; L is the length of the rod in feet divided by 1,000; 
and N is the number of strokes per minute. Figure 153 presents a graph showing the 



Fig. 153. 


C Length of sucker rods inft ^!06)x (no. of strokes per min.) 

{After C. J. Coberly, Am. Petroleum Inst.) 
-Overtravei of plunger as computed by acceleration method. 


relationship existing between increase in stroke due to acceleration and the product 
of L and N. 

We may also approximate the stroke of the plunger, where acceleration is a factor, 
with the aid of indicator cards showing rod stress. The following formula applies: 


Stroke of plunger 

coefficient X 


(stroke of polished rod) — (depth in thousands of feet) X a 
(load at end of upstroke) (load at end of downstroke) 1 

poo 1,000 J' 


The coefficient represents the elasticity of both the rods and the tubing and is equal to 


12 X (1,000)2 
E ^ 



where E is the modulus of elasticity (30,000,000); Ar is the cross-sectional area of 
the sucker rods in square inches; and At is the cross-sectional area of the metal in the 
walls of the tubing in square inches. 


Timing of Stroke 

The interval between strokes of the plunger can be varied over a 
considerable range as conditions may require. Pumping speeds range 
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up to 50 strokes per minute, but rates of 12 to 30 are most common for 
beam pumping. Multiple-pumping installations operate at somewhat 
slower speed, often 13 to 17 strokes per minute. For wells of low pro- 
ductivity, a considerable advantage in power conservation, in pump and 
rig maintenance and more efficient producing conditions is found in 
slow-motion pumping. By special speed-reduction equipment, pumping 
speeds as low as one-half stroke per minute are achieved. As previously 
explained, rod stress and elastic elongation and contraction of the rods 
under dynamic load depend to an important degree upon a proper timing 
of the stroke. 

Plungek Velocity and Plunger Displacement 

The capacity of the plunger pump is measured directly by the rate 
of plunger travel. Thus, twenty 6-ft. strokes per minute represent a 
plunger travel of 120 ft., which should theoretically lift twice as much 
fluid as a plunger travel of 60 ft. per minute, obtainable by twenty 3-ft. 
strokes. This relationship between the linear rate of plunger travel and 
the volume of oil lifted, however, will be true only vdthin certain limits, 
for as the speed is increased other factors will enter to reduce displace- 
ment efficiency. Many advantages are realized through adoption of a 
long, slow stroke rather than a short, rapid stroke of equal plunger dis- 
placement. The life of the working barrel, plunger, valves and rods is 
directly proportional to the number of strokes or stress reversals, so 
that slow pumping speeds result in lower maintenance costs. Rod stresses 
are lower and valve efficiency is greater with, the longer, slower stroke. 
Dynamic loads are proportional to the square of the number of strokes 
per minute; hence, slow speeds permit of operation with less power 
consumption. • 

The volume of fluid displaced into the tubing by' the pump plunger 
per 24-hr. day may be computed with the aid of the following formula: 

Barrels per day = 0.11657 X L X N X 

Here L is the length of the plunger stroke in inches; N is the number of 
strokes per minute; and D is the diameter of the plunger in inches. 

Table XIV gives displacement factors for wmrking barrels of different 
diameters. Multiplying the factor given by this table, for any given 
size of ’woi'king barrel, by the product of the length of plunger stroke and 
number of strokes per minute gives the theoretical capacity of the pump 
in barrels per day. Thus, a 2f4“in. plunger will pump as much as 776 
bbl per day when operating at the rate of twenty 44-in. strokes per 
minute. This assumes that the displacement efficiency is 100 per cent. 
Actually, as will be shown in a later section, this is seldom achieved, and 
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displacement efficiencies are more commonly of the order of 40 to 80 per 

cent. 


Table XIV. Pltjngee Displacements in Bareels per Day for Pumps of 
Different Sizes, for Each Inch of Plunger Stroke, while Operating 
AT THE Rate of One Stroke per Minute* 


Plunger 
diameter, in. 

Barrels 
per day 

Plunger 
diameter, in. 

Barrels 
per day 

1 

0.117 


0.438 

IVie 

0.132 

m 

0.590 

iy2 

0.262 

2^6 

0.692 

m 

0.357 

2M 

0.882 

mh 

0.370 

" 3?4 

1.640 


* From “Emsco-Falk Production Handbook,’’ 1933 ed., p. 20, Enisco Derrick & 
Equipment Co. 


Effects of Submergence and Casing-head Pressure 

Unless the well fluid presses upward on the standing valve with 
sufficient pressure, admission of fluid to the working barrel is dependent 
upon the suction effect developed by the rising plunger. Because of 
release of gas from solution in the oil on reduction of pressure in the 
working barrel, it seems probable that no very great suction effect is 
developed. Hence, it is important to maintain fluid pressure on the 
oil entering the barrel so that it may force its way through the constric- 
tion at the standing valve and closely follow the rising plunger upward 
into the barrel. Pressure within the oil for this purpose can be assured 
by maintaining a fluid level in the casing well above the standing valve, 
or by shutting in or throttling the gas outlet from the annular space 
between the casing and tubing at the casing head. By this procedure, 
gas pressure in the annular space above the oil may assist in developing 
upward fluid pressure on the standing valve. 

When the working valve is placed at the top of the plunger, as is 
customary in the oil-well plunger pump, the plunger and the space 
between its lower end and the standing valve are left filled with oil at 
the end of the downstroke. On the succeeding upstroke, this oil that is 
left within the barrel from the preceding stroke must be accelerated 
from rest until it attains the upward velocity of the plunger. This 
applies also to the oil column in the tubing below the standing valve 
above the oil inlet of the gas anchor. 

The standing valve frequently offers considerable resistance to flow. 
Figure 114 shows that the valve seat presents a constriction in the flow 
channel and that there are angular recesses about the seat that tend to 
induce turbulence; furthermore, the fluid must undergo a rather abrupt 
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change in direction of flow in passing around the ball. “Oversize” 
valves reduce these sources of pressure loss to some extent. Considera- 
tion of the pumping cycle and delayed valve action indicates that the 
oil must flow rapidly into the working barrel, for the valve is open during 
only a portion of the upstroke, which is completed, normally, in 2 sec. 
or less. The flow resistance offered increases with flow velocity, again 
suggesting the desirability of a long, slow stroke. Back pressure on the 
annular space at the casing head develops a corresponding increase in 
static pressure within the oil in the bottom of the well and is equivalent 
to maintenance of a corre.sponding fluid submergence. We may regulate 
the casing-head back pressure to any desired degree by “cracking” the 
outlet control valve. Unless we permit some gas to escape from the 



0 SO 100 150 200 260 

Submergence of stcmding volve in feet 

{After Uren, Sargent and Collins^ Am. Inst. Mining Met. Eng.) 

Fig. 154. — Graphs showing variation of volumetric efficiency of a 2-iii. pliinger pump with 

submergence. 

annular space, all gas must find its way out through the pump and tubing, 
which is undesirable from the standpoint of efficient pump operation. 

The graphs of Fig. 154 show the effect of submergence on displacement 
efficiency of a 2-in. pump, handling heavy, viscous oil, with different 
lengths and timing of strokes. Figure 155 displays the relation existing 
between the rate of plunger travel and displacement efficiency for different 
submergences. It will be noted that the volumetric displacement 
efficiency may be seriously reduced by failure to maintain a suitable 
submergence.* 

It has been showm that there is a certain relationship between the 
back pressure imposed against the reservoir rock exposed in the wall of 

* Uken, Sargent and Collins, Influence of Submergence on the Efficiency of 
the Oil Well Plunger Pump, ^'Petroleum Development and Technology, 1925,” 
pp. 156-169, Am. Inst. Mining Met. Eng. 
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the well and the rate of production, increasing bottom-hole pressure 
resulting, generally, in a reduced rate of recovery. Carrying a high 
casing pressure or a high fluid level in the well to provide proper pump 
submergence may interpose too great a back pressure on the productive 
formation and unduly restrict production. If bottom water is not 
admitted to the well by so doing, adequate submergence can be main- 
tained without imposing too great a back pressure on the formation, 
by placing the pump in a sump drilled below the productive horizon. 
When high fluid levels in the wells are desirable, on the other hand, 
pumps may be suspended hundreds of feet above bottom. Occasionally 
high fluid levels are maintained, even though production is thereby 
restricted, in order to achieve low gas-oil ratios or to prevent sand or 



Fig. 155. — Graphs showing variation of volumetric efficiency with rate of plunger travel for 

varying submergence. 

water incursion. In such cases, it is desirable that pump working 
barrels be placed no deeper than necessary to secure a proper submergence, 
for the power requirements, rod load and other factors influencing lifting 
costs and pump efficiency increase directly with depth. Setting the 
working barrel well above bottom tends to keep fluid entering the pump 
relatively free of sand. 

Pumping Difficulties Akising from Presence of 
Sand in the Well Fluid 

The strata from which petroleum is secured often consist of uncon- 
solidated or only partly consolidated sands or sandstones that disinte- 
grate to some extent under the influence of gas and oil flowing through 
their pore spaces. Particles of sand thus detached from the main mass 
of the reservoir rock are carried into the well in suspension in oil and. 
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uiilc^ss they have an opportunity to settle to the bottom of the well, will 
eventually be drawn with the oil into the pump. 

In a pumping well, sand entering with the oil is detrimental from 
every point of view. If it finds its way into the pump, it rapidly abrades 
the working surfaces and may accumulate in the oil passages so that 
movement of oil through the valves is impeded or even entirelj^ prevented, 
necessitating withdrawal of the rods, tubing and pump and cleansing of 
the latter. If sand accumulates in the well about the pump, it materially 
restricts free access of oil from the reservoir rock into the well and to 
the pump. Sand should be excluded from the pump by every possible 
means. 

Where the reservoir rock is of such a nature as to be productive of 
“ float sand, it is customary to place screen pipe in the well opposite 
the productive formation; but such screens as are em- 
ployed are often only partly effective, so that sand enters 
the well and must be handled with the oil by the pump. 
Another method of sand control, often employed, is that 
of maintaining a high fluid level in the well, the fluid 
pressure tending to support the wall rocks and prevent 
their disintegration. This practice, however, tends to 
restrict the rate of oil production. Any device or method 
the use of which develops back pressure on the produc- 
tive formation should be successful in reducing sand incur- 
sion into the well. A smaller differential pressure 
between the sand and the well leads to a lower rate of flow 
of the oil and gas through the pore spaces of the wall 
rocks, thus reducing the disintegrating effect of the 
moving fluids. Formation of enlarged cavities about 
wells within the reservoir rock would also provide a lower 
velocity of approach of the fluids, wdth consequently 
lower sand-carrying capacity. 

Tiioiigh the various methods of sand control are partly effective, no 
method or device yet developed is capable of entirely preventing influx 
of sand into the well with the oil. Therefore, when dealing with fine- 
grained unconsolidated sands, provision must be made to take care of it, 
either by separating the sand from the oil before it enters the pump, or 
by use of styles or types of pumps designed to handle sand without 
abnormal wear and danger of clogging. Several devices are employed 
in connection with plunger pumps and gas anchors, which cause the 
sand to settle from the oil into an accumulating chamber from which it 
may be occasionally flushed out. One of these, called ant ^anchor dump,^^ 
illustrated in Fig. 156, may be attached to the lower end of the gas anchor 
and is designed to drop sand out of the gas anchor as it settles through 



(Courtesy D & B- 
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the fluid below the standing valve of the pump. Other devices provide 
merely a settling chamber for the sand, with the expectation that the 
pump and tubing will be occasionally withdrawn from the well for 
cleaning. 

In selecting a pump that will be successful in handling sand in sus- 
pension in oil, it is important that the design be such as will maintain a 
proper velocity of fluid through it and up through the tubing to the sur- 
face. The carrying capacity of oil for sand in an ascending column of 
fluid varies as the square of its velocity; hence, by constructing pumps 
with a flow channel of only slightly smaller cross section than usual, the 
carrying capacity of the oil for sand will be greatly increased. Enlarged 
recesses above the valves, causing a reduction in flow velocity, or ''dead’' 
spaces about the flow channel through which movement of oil is sluggish, 
are conducive to settling of sand from the fluid at such points. Once 
taken into the pump, the fluid must be maintained in rapid motion until 
discharged at the surface. 

A type of pump that has been particularly successful in handling sand is the 
so-called ‘‘macaroni” or “circulating” pump, in which a cylindrical tube is used to 
actuate the pump plunger instead of sucker rods (see page 234). Oil flows to the 
surface through this tube instead of between solid sucker rods and tubing. Smaller 
cross section of the discharge tubing provides greater speed of ascent, so that sand 
has, little opportunity to settle out. In addition, clean oil may be circulated back 
into the well through the space between the hollow “rod” and the tubing, which 
supports the worldng barrel. This clean oil promotes lubrication of the plunger, so 
that it will be maintained free of sandy oil, and is added to the incoming oil from the 
well, diluting its sand content and giving the pump a greater volume of oil to work 
bn so that the flow velocity and sand-carrying capacity of the fluid will be increased. 
Oil carrying as much as 75 per cent of sand can be successfully handled with this type 
of pump. The fluid-packed pump is also well adapted to the handling of sand-laden 
oil (see page 230). On account of its unusually loose plunger fit, abrasion of the 
metallic surfaces is less troublesome than in an ordinary style of pump. 

Scoring of polished metal surfaces of the plunger and working barrel of a pump 
by the cutting action of sand particles, which find their way in between, results in 
loss of proper clearance with consequent abnormal oil leakage around the plunger. 
As a means of reducing this action of sand, there is some advantage in using a long 
working barrel together with a plunger no longer than the length of stroke employed. 
This combination permits the plunger to operate without its upper end extending out 
of the working barrel, so that sand grains settling about the traveling valve have 
little opportunity to find their way in between the plunger and the barrel. If the 
plunger is no longer than the stroke, any sand that may be dragged in between the two 
surfaces at the top will have an opportunity to escape at the bottom during the same 
stroke and will not score the polished surfaces by continued abrasion. 

Another device, designed to prevent sand from finding its way down between 
the polished surfaces of the plunger and working barrel, consists of an extension on 
the upper end of the plunger, operating in an extension of the working barrel that is 
somewhat larger in diameter than the latter. The annular space between the exten- 
sion plunger and barrel is tightly packed with a heavy grease which has the function of 
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retaining any sand that may tend to work down around the top of the plunger assem- 
bly, thus preventing it from finding its way down to the close-fitting section of the 
barrel and plunger. 

Other devices that are designed for use in preventing settling of sand in the tubing 
are occasionally used. One of these is a disk-shaped valve that may be attached to 
the sucker rods. These valves fit loosely in the tubing, and several may be used, 
spaced at intervals between the plunger and the tubing 
head (see Fig. 157). They are lifted from their seats 
on the downstroke of the rods, so that they sink through 
the fluid within the tubing with but little resistance. 
On the upstroke of the rods, however, the valves are 
pressed against their seats and assist in lif ting the oil, to 
some extent reducing the oil load on the pump plunger. 

Sand is particularly apt to settle in the tubing and 
pump when some interruption in normal operation leaves 
the oil column stationary. When a gas lock forms in the 
pump, for example, and no oil is forced upward through 
the pump and tubing, there is likelihood of the valves 
becoming sand bound. An interruption in power service 
will leave the plunger stationary, so that it, too, may 
become ‘Trozen” in the working barrel by accumulated 
sand settled above it, perhaps necessitating simultaneous 
withdrawal of both the tubing and rods. If the plunger 
freezes in the barrel while the rods are in motion, the rods 
will likely be “ parted by the severe strain imposed. 
As a precaution against “sanding” of the pump in this way, devices are available that 
release the oil from the tubing immediately above the barrel when the plunger becomes 
frozen, permitting the sand-laden oil to flow back into the well. Sand is likely to be 
particularly troublesome in clogging the pump if water is also present in quantity in 
the well fluid. Oil-wet sand tends to remain in suspension in oil and does not settle 
and “pack” so readily as does water-wet sand. 

Importance op Gas Control in Securing Efficient 
Pump Operation 

Gas entering the pump. with the oil causes serious loss of eflficiency 
and may, at times, even prevent operation of the valves. Free gas 
brought ill with the oil through the standing valve or released from solu- 
tion in the oil by reduction of pressure, due to the suction effect of the 
rising plunger, will, on completion of the upstroke of the plunger, partly 
fill the space between the two valves. On the following downstroke, 
less oil will be displaced through the traveling valve than if no gas were 
present. 

Not only does this gas reduce the volumetric oil displacement, but it 
also seriously delays action of the valves. Any free gas that may thus 
be trapped between the valves must be compressed on the downstroke 
of the plunger to the pressure of the superimposed column of oil in the 
tubing before the traveling valve may open and permit upward displace- 
ment of oil into the tubing. The effective length of stroke of the plunger 
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is thus appreciably shortened. If a large amount of gas accumulates in 
the working barrel, the valves may- remain closed, the plunger merely 
expanding and compressing gas between the two valves with each up 
and down stroke. 

On the upstroke of the plunger, such gas as may be left below the 
traveling valve must be expanded to the pressure of the oil below the 
standing valve before the latter may open, thus causing an important 
loss in effective length of the plunger stroke. For example, with low 
submergence in a 3,000-ft. well, where pressure within the tubing above 
the standing valve is equivalent to about 80 atmospheres, even so small 
a volume as 1 cu. in. of compressed gas left between the valves on con- 
clusion of the downstroke of the plunger occasions a loss of about 13-in. 
in the effective stroke of a plunger. That is, the plunger must 

travel upward 13 in. and the gas must expand to eighty times its com- 
pressed volume, before the standing valve will open to admit an addi- 
tional supply of oil. 

This diflS^culty, due to presence of free gas between the valves of the 
pump, may be minimized by installing a suitable gas anchor to exclude 
free gas; by providing as low a submergence as other considerations will 
permit, so that the oil will be admitted to the pump under relatively low 
pressure and will therefore contain comparatively little dissolved gas; 
and by placing the traveling valve- in the lower end of the plunger instead 
of in the upper end. The smaller the volume of fluid left between the 
valves at the conclusion of the downstroke of the pump, the less will be 
the difficulty experienced due to alternate compression and expansion of 
gas. With care, the plunger may be so placed in the working barrel 
that the traveling valve in the lower end of the plunger comes within a 
few inches of the top of the cage of the standing valve at the lower limit 
of its travel. 

Another method of avoiding loss of plunger motion resulting from 
accumulation of gas between the valves is to place a standing valve in 
the tubing immediately above the working barrel. The function of this 
valve is to receive and retain the weight of the fluid column in the tubing 
on termination of the upstroke of the plunger, thus permitting the travel- 
ing valve to open promptly when the downstroke begins. 

Use of a gas anchor below the pump as a means of reducing the amount 
of gas entering the working barrel has been discussed in a previous sec- 
tion (see page 241). Special patterns of pumps are also available, which 
incorporate features designed to separate gas from the oil before it is 
forced into the tubing. In one design, the gas is released after entering 
the pump and undergoing partial compression by an auxiliary valve 
which by-passes some of the oil above the traveling valve back into the 
gas space below at the beginning of the downstroke of the plunger* 
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Still other gas-control devices that may be incorporated in the design 
of the pump take the form of special types of valves actuated by other 
means than fluid compression. 

Difficulty experienced in the handling of gas in plunger pumping may 
also be reduced by increasing the length of stroke of the plunger. Loss 
in effective stroke of the pump due to presence of gas will be the same 
whether the pump is operating with a long stroke or a short one; hence, 
the percentage loss is reduced as the length of stroke is increased. For 
example, a loss of 12 in. in a 2-ft. stroke would be a serious matter, but 
the same loss in a stroke of 6 ft. is of less moment. A number of devices 
are available for giving the plunger a stroke greater than that normally 
provided by the crank, pitman and walking beam, which might be made 
use of as a means of meeting the gas problem in oil well pumping. These 
are to be described in a later section (see page 300). 

Although gas is in most respects detrimental in its influence on the 
mechanical action of the pump, it may at times increase the over-all 
production by ^Treading or causing flow’^ of oil through the pump and 
tubing. In a certain stage of the productive life of a well, after the oil 
will no longer flow naturally, the pump may be used primarily as an 
agitating device and as a means of reducing pressure within the oil to 
stimulate release of gas. Free gas, so formed, provides an ejector effect 
somewhat like that of the displacement pump, resulting in intermittent 
flow. At such times, a large quantity of oil may be ejected from the 
well, followed by a period of quiescence during which conditions are 
developing for repetition of the flow. Meanwhile, the pump may be 
kept constantly at work. If a gas lock forms between the valves of 
the pump and no oil enters the tubing, the fluid level gradually rises in the 
well until a point is reached at which the static pressure developed on the 
standing valve is sufficient to lift the valves and displace the imprisoned 
gas upward into the tubing, thus causing flow. When such a flow occurs, 
both valves of the pump remain open, irrespective of the direction of 
movement of the plunger. 

Influence of Valve Operation and Design on Plunger 
Pump Efficiency 

Inefficient valve action and irregular wear of the valves, due largely 
to the scouring effect of sand in the oil, are a common source of difficulty 
in operation of oil-well plunger pumps. The ball-and-disk-seat type of 
valve commonly used is secure against leakage under high fluid pressures 
as long as the ball and seat retain their original accuracy of form and 
smoothness of surface; but, after a period of use in oil-well service, they 
often develop irregularities in shape due to unequal wear, particularly 
when subjected to abrasion by contact with sand. Under the high oil 
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pressures to which they are subjected in deep-well service, the valves close 
with destructive impact which is applied over the very siiiall area of 
contact between the ball and seat. Grains of sand caught between the 
valve and seat are crushed by the impact and pressure, and the metal 
surfaces are abraded. As a result of irregular vrear, security of the valves 
against leakage is partially destroyed and a part of the oil in the barrel 
is forced back through the standing valve during the downstroke of the 
plunger, and some flows back into the barrel through the traveling valve 
from the tubing on the upstroke. Under the high pressures to which the 
pump is subjected in deep-well service, a very slight imperfection in 
valve fit may result in loss of pump efficiency, and, if oil containing sand 
in suspension is forced rapidly and under the influence of high pressure 
through small apertures between the valves and seats, these apertures 
are rapidly enlarged until the valves cease to serve their intended purpose 
and must be replaced. In extreme cases, valves and seats have to be 
replaced every few days owing to sand scouring. 

Efficient action of the pump requires that the space within the working 
barrel between the two valves be completely filled with oil on each 
upstroke. The standing valve tends to restrict this upward flow of oil 
and thus tends to reduce the over-all efiiciency. If the ball is lifted 
but a short distance above its seat by the upward flow of oil through the 
seat, the oil must abruptly change its direction of flow and force its way 
through a restricted annular-shaped opening, surrounded by angular 
corners and recesses which induce turbulence and encourage release of 
gas from the oil and formation of emulsion if water is present. Resistance 
offered by the standing valve to upward passage of oil into the working 
barrel is dependent upon the rate of plunger travel. If the plunger speed 
increases, the rate of flow of oil through the standing valve and the resist- 
ance to flow offered by the valve also increases. It follows that as the 
plunger speed is increased, the pump submergence must also be increased 
if equivalent pump efficiency is to be maintained. The most effective 
plunger speed for a given submergence will also depend upon the oil 
viscosity, the resistance offered by the standing valve to passage of oil 
through it increasing as the oil viscosity increases. 

The interval between reversal of strokes must not be less than that at 
which the valves have time to function properly, and on the downstroke 
the plunger must be given time to sink through the oil in the working 
barrel without buckling the sucker rods. Inefficiencies resulting from 
delayed operation of valves and valve leakage are multiplied directly by 
the number of stroke reversals per unit of time, hence, valve action is 
more efiS.cient with slow pumping speeds. 

It is important that the standing valve be properly seated in its 
barrel, otherwise there is likelihood of leakage around the valve with 
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serious loSvS in pump efficiency. Steel and babbitt-packed standing 
valves must be jarred down into place, and sand accumulation may pre- 
vent proper seating. Cup-packed valves are more adaptable and are 
more likely to seat properly. Because of difficulties and uncertainties in 
reseating standing valves, some operators prefer to withdraw the tubing 
and working barrel to the surface when it becomes necessary to repair 
the standing valve, particularly when the wells are shallow. 

Plunger Leakage 

Wear of the polished surfaces of the working barrel and plunger will 
permit of leakage around the plunger under the high pressure developed 
by the column of fluid in the tubing. Normal wear rapidly increases the 
shop clearance between plunger and barrel provided by the pump manu- 
facturer, especially if the oil carries fine sand in suspension. Leakage 
around the plunger through enlarged clearance spaces may be the cause 
of important loss in pump efficiency. The necessity of securing and 
maintainmg a proper clearance between the plunger and barrel is appar- 
ent when it is remembered that pressure of the oil in the tubing, bearing 
down directly on the clearance space, may be as great as 2,000 lb. per 
scjiiare inch in a well 5,000 ft. deep and any oil that is able to pass through 
the clearance space during operation of the pump decreases the over-all 
efficiency by so much. 

Though every precaution is taken by the better equipped pump manu- 
facturers to maintain the bore of the working barrel, or that of the liner, 
absolutely straight and uniform in diameter, it is very difficult to do so, 
especially in the longer barrels, and, as a result of irregularities of this 
sort, the wear is not uniformly distributed and plunger leakage results. 
This difficulty can be largely overcome through use of a rod-rotating 
device which may be attached to the walking beam and polished rod, 
causing a partial rotation of the rods with each stroke of the beam and 
thus distributing the wear caused by inequalities in alignment and diame- 
ter of the plunger and working barrel. Some operators have sought to 
remedy this difficulty by use of several short closely spaced plungers with 
flexible connections instead of a single long plunger. 

The shop clearance provided between the plunger and working barrel 
is not necessarily maintained when the pump is placed in the well. 
Prevailing ground temperatures, at depths from which many of the 
deeper pumping wells produce, often range from 125 to 175°F., and, 
at such temperatures, unequal expansion of the plunger and barrel may 
alter to some extent the clearance originally provided. Increase in the 
clearance space will result in greater leakage around the plunger, whereas 
decreased clearance throws an additional strain on the sucker rods immedi- 
ately above the plunger. However, computations based on the relative 
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coefficients of expansion of steel and cast iron, of which the plunger and 
barrel are respectively composed, indicate that excessive changes in 
I plunger clearance are not likely to occur at the temperatures normally 
prevailing in oil wells. 

With the high oil pressures developed in deep wells, the clearance 
space between the plunger and barrel will be influenced to some extent 
by distortion of the relatively thin walls of the plunger. On the down- 
stroke of the pump, oil pressure is applied on the inside of the plunger, 
but is offset by an equivalent pressure within the clearance space between 
the plunger and barrel On the upstroke, a great reduction in pressure 
occurs within the barrel, possibly to a pressure approaching atmospheric. 
The result is, theoretically, an alternate contraction and expansion of 
the plunger which, though probably small in magnitude, may neverthe- 
less influence plunger clearance to an appreciable degree. It is particu- 
larly objectionable in that expansion occurs on the downstroke, retarding 
free descent of the plunger, whereas contraction comes on the upstroke 
when minimum clearance is most needed. This difficulty can be over- 
come by placing the working valve at the lower end of the plunger instead 
of at the top. The pressure of the column of oil in the tubing is thus 
always applied, both within and without the plunger, and the plunger is 
not subjected to continual fluctuation in volume with each stroke reversal. 

Continuous Slow-motion versus Intermittent Pumping 

The rate of plunger-pump operation should be no greater than neces- 
sary to keep pace with the rate of influx of fluid into the well; otherwise, 
the fluid level will fall to the level of the standing valve or intake of the 
gas anchor. The fluid will then no longer enter the pump in sufficient 
volume to keep pace with the rate of plunger displacement. The working 
barrel is only partly filled on each upstroke, whereas on the downstroke 
the plunger ^^pounds fluid, developing a destructive jar in the rods, 
results of which can be observed at the surface in erratic beam and 
polished-rod motion. In remedying this condition, the operator must 
install a smaller size of pump, or reduce the number of strokes per minute 
I until a constant fluid level is maintained at a suitable elevation above the 
standing valve adequately to supply fluid to the pump, or operate the 
pumping mechanism intermittently at higher speeds. In the latter case, 
the pump is operated only until the well “pumps off,^’ when it is shut in 
to allow the fluid level to rise again to the point where another pumping 
cycle is justified. Many wells in the older producing areas yield so 
little fluid that they are pumped only for a few hours once a week. The 
operator has no alternative, in such a case, than to operate intermittently. 
Though there is some saving in power through intermittent operation of 
pumping equipment, it is generally considered that continuous opera- 
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tioiis are preferable if there is sufficient oil to keep the pump continuously 
supplied at slow operating speeds."^ In connection with slow-motion 
puiiipingj frequently resorted to under such conditions, it has been found 
advantageous to employ the so-called “ constant-velocity cycle, in which 
the periods of acceleration and deceleration at each end of the plunger 
stroke are made as short as possible, the greater part of both up and 
down strokes being accomplished with approximately uniform plunger 
velocity. A pumping unit in which the polished rod is actuated by a 
pair of cams of special design has this objective. 

By continuous operation at suitable pumping speed, a constant fluid 
level and constant back pressure on the productive formation may be 
maintained. If water enters the well with the oil, it is removed con- 
tinuously so that it may not accumulate in the bottom of the well and 
restrict admission of oil. There is less caving of the walls and influx of 
sand into the well where a constant fluid level is maintained. In cold 
climates, some oils congeal in the flow lines by accumulation of paraffin 
unless kept moving. 

Volumetric Efficiency op Rod-operated Pumps 

The volumetric efficiency of a plunger pump is the ratio of the volume 
of liquid actually pumped to that of the plunger displacement. Volu- 
metric efficiencies secured in routine field practice range from 100 per 
cent down to 50 per cent or less. Under average conditions, volumetric 
efficiencies of 70 to 80 per cent or more are readily secured. A certain 
amount of valve leakage and slippage of oil through the clearance space 
between the plunger and barrel is inevitable and increases with depth. 
Valve leakage is generally productive of greater losses than plunger 
slippage. Admission of gas to the space between the two valves is 
responsible for much of the efficiency loss. High volumetric efficiency 
results in securing the maximum rate of production with minimum 
expenditure of power, less shutdown time for repairs and low maintenance 
costs. Power savings of 50 to 90 per cent are sometimes realized. Where 
water is present, there is less tendency to emulsify the oil when the volu- 
metric efficiency is high. 

APPLICATION OF POWER IN OPERATION OF OIL-WELL PLUNGER PUMPS 

Prime movers used in pumping oil wells include steam and internal- 
combustion engines and electric motors. Transmission of power from 
the prime mover may be by belt or chain drive or gearing, with various 
intermediate countershafts, sprockets, wheels, crank pitman and 
walking-beam mechanisms available in many different designs. Each 
well may be equipped with its own individual power plant, or we may 
resort to a multiple pumping system in which power is developed at a 
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central plant and transmitted by reciprocating shackle lines to the various 
wells. Economy in well pumping requires that careful consideration be 
given to selection of the most eflScient type of prime mover and power- 
application mechanism for the conditions presented on each producing 
property. * 

In earlier years, the producer depended almost entirely upon the 
steam engine for development of power used in well-pumping service, 
but the inefficiency and high cost of steam power has led, during more 
recent years, to widespread use of internal-combustion engines and elec- 
tric motors for this purpose. Any one of these three types of power 
equipment may be used with entire satisfaction for routine pumping and 
maintenance of wells. Selection of one or the other must be made 
largely on a basis of relative cost with reference to the conditions pre- 
sented in each case. 

Steam Power 

Though formerly widely used in well-pumping service, steam engines 
are now employed only at isolated wells, particularly during the early 
period of productivity immediately after they have been completed and 
placed on production. Where cable tools have been used for drilling, 
the power equipment employed in operating the rig may later be used 
in pumping operations. The horizontal single-cylinder reversible slide- 
valve type of engine of 15 or 25 hp., often used in drilling shallow wells, is 
suitable for pumping service and adaptable to the special problems 
encountered in pulling tubing and rods, bailing and clean-out operations 
(see ^'Oil Field Development,’’ page 145). The steam engine, because 
of its high degree of flexibility in speed and power output, is well adapted 
to the variable requirements demanded of the power equipment during 
the early period of exploitation before wells have settled down to routine 
pumping. 

Boilers used in steam development may be of any easily portable or 
semiportable type and size. Fire-tube boilers of the horizontal-return 
type, mounted above brick supports and a brick fire box, are commonly 
employed in some regions, notably in California. The locomotive type, 
in which a water-jacketed metal fire box is riveted directly to the boiler 
shell, is also favored for temporary service as it requires less in the way 
of masonry supports than any other (see ^^Oil Field Development,” 
pages 238 to 241). Natural gas, fuel oil or crude oil may be used as fuel, 
preferably the former if available in sufficient quantity. Boiler capacities 
of 30 or 40 rated horsepower will be sufficient for pumping service in 

* IJben, L. C., Application of Power in the Operation of Oil-well Plunger Pumps, 
National Petroleum News, Mar. 7, 1928^ pp. GT-SO; Mar. 21, 1928, pp, 63-78; Apr. 18, 
pp. 24-26; and Apr. 25, 1928, pp. 69-80. 
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most cases, the actual power obtainable being somewhat greater than 
the rated horsepo’wer. 

Where several or many wells, not too widely spaced, are to be per- 
manently operated with steam equipment, there is economy in grouping 
ail the steam-boiler equipment in one well-appointed central plant, with 
provision for transmission of steam to the engines at the individual wells. 
In this case, larger, more efficient boilers of water-tube type can be used, 
ranging in capacity up to several hundred horsepower. Unnecessary 
heat and pressure losses should be prevented in the transmission mains 
by burying them in trenches covered with oil sand or other suitable 
insulating material. Steam-distributing pipe lines should be carefully 
graded to a uniform slope, so that condensed water will be gathered at 
definite points and removed by steam traps or drains. The slope should, 
as far as possible, be in the direction of steam flow, but, where a rise is 
necessary, a drain or trap should be installed. Each engine should have 
its own individual separator. Condensed water may be gathered in a 
separate pipe-line system from the various traps and separators and 
returned to the boiler plant for re-use. In many oil fields, it is difficult 
to secure an adequate supply of water suitable for boiler purposes. 
Special feed-water treatment appliances must often be installed to 
remove or neutralize dissolved salts, acids, organic matter, oxygen and 
sediment which accumulate in the boiler as incrustating scale or result 
in corrosion, foaming or ^^priming.^' 

Under average oil-field conditions, the over-all efficiency of power 
generation with steam engines and boilers is low, probably not exceeding 
10 per cent in most field installations. A 40-hp. boiler consumes 35,000 
to 100,000 cu. ft. of natural gas or 7 to 10 bbl. of fuel oil or crude per day. 
Labor and maintenance costs are high (see page 407). Boiler water is 
often expensive. For these and other reasons, steam equipment has 
become almost obsolete for pumping, and wells are generally equipped, 
soon after completion, with gas engines or electric motors.'*^ 

Gas Engines 

In most oil fields, there is a plentiful supply of natural gas available 
for power-development purposes. Perhaps there is no other use or 
market for the gas, so that unless used in this way it must be wasted; 
or low-pressure gas is used which, perhaps, cannot be applied to any 
other useful purpose without compression. In such cases, where the 
gas may be regarded as having no market value, the fuel cost of power 
development is almost negligible and internal-combustion engines, 
designed to operate with gas as fuel, afford the least expensive solution 

Kitchen, G. B., A Discussion of Oil-field Steam Generating Plants, '^Drilling 
and Production Practice, 1937,^* pp. 323-335, Am. Petroleum Inst. 
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for the problem of suppl3n[iig power for pumping wells. A separate 
engine is often used at each well, operating on gas drawn from a gas- 
gathering and distributing system connecting with all of the wells. The 
'Vet'' gas produced from the wells is, preferably, first led to a gasoline- 
recovery plant where the condensable vapors are extracted, the 'Vry" 
output gas being returned to the wells in a separate pipe-line system for 
gas-engine operation. It will also be necessary to distribute water to 
each engine for cooling purposes. A water-storage tank and small cir- 
culating water pump are situated near each engine, as well as a small 
gasometer for gas-pressure regulation. 

Gas engines have a considerable range of speed and power output and 
are otherwise well adapted to the work of pumping and conditioning wells. 
At low speeds, they develop ample power for routine pumping service, with 
reasonable efficiency. When rods or tubing must be "pulled" or wells 
■ bailed, swabbed or redrilled, the speed and power output can be increased 
over a considerable range. Though not so flexible a type of prime mover 
as the steam engine, the gas engine can be more rapidly adjusted to the 
variable requirements of well-pulling service than electric motors. 

Though the gas engine is a somewhat complex mechanism in com- 
parison with the steam engine or electric motor, it can be ruggedly built 
to withstand the exacting requirements of oil-field purposes and, when 
properly maintained, is capable of giving uninterrupted service for long 
periods of time. The slower speed types are long-lived and have a low 
depreciation rate. Many such engines have been in service for a period 
of 20 years or more, so that a 5 per cent depreciation rate is not too low 
under favorable circumstances. The necessary adjustment and care of 
gas engines and minor repairs and replacement of parts that must be 
made from time to time are matters of common knowledge among men 
engaged in the operation of oil wells in most regions. Except where 
major repair jobs are involved, which will be of infrequent occurrence, 
internal-combustion engines can be quickly repaired in the field. The 
gas engine has an additional advantage in that it is a self-contained 
power plant, capable of operating independently of all outside influences. 
It is, to a large extent, free of the uncertainty in continuity of power 
supply characteristic of electric power when it must be transmitted from 
a distant source. Interruptions in service from individual gas engines, 
though they may come frequently, influence but one or a few wells at a 
time, and such repairs as are necessary are within the immediate con- 
trol of the operator. 

Single-cylinder Gas Engines. — The most common type of gas engine used in oil- 
well pumping service is the single horizontal-cylinder engine of either two- or four- 
cycle type of from 15 to 50 hp. (see Fig. 158). They operate at speeds ranging from 
125 to upwards of 300 r.p.m. and have a piston stroke ranging in diferent sizes from 
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12 to 18 in. Since the two-cycle engine receives twice as many power impulses as the 
four-cycle engine, it is possible — when due allowance is made for frictional and other 
losses and inefFiciencies — ^for a two-cycle engine to deliver about 170 or 180 per cent 
more power than a four-cycle engine of similar diameter and stroke. This means that 
for a given required power output a smaller, lighter and less costly engine may be 
employed. In a type of construction often used, no valves are required, both inlet 
and exhaust ports being controlled by movement of the piston. Two-cycle engines, 
however, are less economical in the matter of fuel consumption than the four-cycle 
type, the latter consuming about 10 per cent less fuel for a given power output. 

Important differences are found in the structural details of the various styles of 
single-cylinder gas engines available for well-pumping service. Among other things, 
the operator will find it important to consider the ignition system provided, the 
facilities for lubrication, the extent of protection afforded by the cooling system, the 


(Courtesy of Joseph Reid Gas Engine Co.) 

Fig. 158. — Typical horizontal single-cylinder gas engine operating a band-wheel power. 

(45-hp., 4-cycle engine). 

method of governing the speed of the engine, the method adopted for mixing the fuel 
charge and injecting it into the cylinder and the method provided for scavenging 
burned gases from the cylinder. Other less important factors are adequate balancing 
(to secure as nearly uniform speed under all loads as may be possible and to avoid 
destructive vibration), metal housing for the crankcase to exclude dust and vapor, 
types of valves and general convenience and accessibility for repairs, adjustments and 
replacements of parts. Two flywheels, the weight of which must be proportioned 
to that of the moving parts of the engine, will offset irregularities of torque resulting 
from the fact that the power impulse is applied only during a part of the piston travel. 
Heavy flywheels also assist in maintaining uniform rotational speeds under the varying 
loads imposed during different parts of the pumping cycle. 

Engines of the horizontal single-cylinder type consume about 12 to 13 cu. ft. of 
gas per horsepower-hour. Engines of larger capacity may operate on as little as 
9 cu. ft. per horsepower-hour. Low-pressure gas is preferable, 4-oz. pressure being 
sufficient. The gas, of course, must be mixed with a suitable proportion of air to form 
an explosive mixture. For complete combustion, 1 cu. ft. of average natural gas 
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requires about 10 cu. ft. of air. On the assumption that the circulating water used 
in cooling the engine is heated from 60 to 150°F. in passing through the jackets, about 
6-gal. of water must be circulated per horsepower-hour. In warm climates, where 
initial temperatures are higher, circulation up to 10 gal. per horsepower-hour is 
preferable. 

For well-pumping service, an engine capable of developing 30 or 40 hp. or more at 
full load is usually selected, in order that it may possess an ample power reserve for 
pulling rods and tubing and in bailing and swabbing. Actual power needs for pumping 
purposes, however, will seldom exceed a quarter or a third of this, so that the engine 
operates at considerably less than full load during most of the time. This results in 
low average operating efficiency as an engine must operate at full load for maximum 
efficiency. Tests have indicated that with constant speed at three-fourths full load, 
fuel consumption per brake horsepower-hour ranges from 1.05 to 1.2 times that at full 
load. With the engine operating at half its full load, from 1.2 to 1.5 times as much 
fuel is used as at full load, when reduced to the brake horsepower-hour basis,* and at 
one-quarter full load, from 1.75 to 2.0 times as much fuel is consumed per unit of 
power produced. It is convenient and desirable to have ample power reserve in the 
engine to take care of the occasional pulling and cleaning work, but, when gas is 
costly or not too plentiful, it will be desirable to avoid use of engines designed for 
power delivery greatly in excess of normal pumping requirements. Under such condi- 
tions, consideration should be given to the possibility of using stationary low-powered 
engines for pumping purposes and larger portable engines for well-pulling and clean-out 
operations. 

The brake horsepower delivered by a given engine will increase with speed, and the 
latter may be controlled within certain limits by regulating the fuel supply. Manu- 
facturers customarily rate the power of their engines at a speed considerably above the 
minimum speed at which they will operate and yet somewhat below the safe operating 
speed. They will accordingly deliver less or more than the rated horsepower as the 
speed is varied, and the fuel consumption per horsepower will vary in inverse ratio. 
Figure 159 shows variation in power output for a typical single-cylinder gas engine 
under different rotational speeds. The graph indicates that the particular engine 
develops 46 b.hp. at a speed of 175 r.p.m., the recommended normal operating speed, 
but is capable of delivering a maximum of 64 hp. at 285 r.p.m. At the minimum speed 
at wdiich the engine can be controlled by the governor (125 r.p.m.), it develops 31 hp. 
The maximum safe operating speed recommended for this engine is 310 r.p.m., but 
at this speed the power delivered is less than at 285 r.p.m. 

Multi cylinder Gas Engines. — A portable type of gas engine having two, four or six 
vertical cylinders has been introduced into the oil fields and has found many and 
varied uses, among others, the pumping of wells. These engines are patterned some- 
what after the well-known type of gasoline automotive engine. Such an engine is 
customarily mounted on a rigid structural-steel frame and is housed in a steel hood, 
one end of which supports an automobile type of radiator. The entire unit, in sizes 
appropriate for oil-well pumping service, will ordinarily range in weight from 900 to 
3,000 lb. Like the automotive type of engine, these power units have comparatively 
small cydinders and a short piston stroke and must therefore operate at high speed. 
Crankshaft rotational speeds range from 800 to 1,500 r.p m. They may be bad in 
units ranging from 25 to 150 hp., but the smaller sizes, ranging up to 60 hp., are the 
most appropriate for oil-well pumping service. They utilize either natural gas or 
gasoline as fuel, but the former. is generally less expensive if available. Such engines 

* Hegeman, a. K., Modern Developments in Oilfield Gas Engine Design, Petro- 
leum Eng.j March, 1935, pp. 36-38. 
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fire liighiy flexible in their speed and power output and adapt themselves readily 
either to the ( 30 iistant demands of well pumping service or to the variable-speed and 
torque requirements of well pulling and cleaning or swabbing. For slow-speed pump- 
ing service, however, they must necessarily be equipped with a reducing-gear mech- 
anism. Certain types of pumping units (see page 309) are equipped with this type 
of engine by the manufacturers. 

Perhaps the chief advantage of power units of this type is their portability, it 
being possible to load them quickly on a motor truck and move them, about; and as 
soon as they are placed on the derrick sills or floor and fuel and water connections are 
provided, they are ready to run. Being equipped with their own steel housing in the 
form of a removable hood, they require no engine house. In addition, they are adapt- 
able to many other lease requirements, such as drilling, operating compressors, oil- 
transfer pumps, dynamos for lighting and other purposes or, generally, wherever 
power may be required in units of small or moderate size. 



(After Am. Petroleum Inst. Commitiee on Standardization of Pumping Equipment.) 


Fig. 159. — Graph showing variation in brake horsepower of a single-cylinder single-acting 
gas engine with rotational speed of crankshaft. 


Although raiilticylmder engines are less economical, from the .fuel consumption 
standpoint, than single-cylinder engines of equal power, they deliver a more uniform 
power torque. For this reason, no heavy flywheels are necessary. Multicylinder 
engines have the further disadvantage, in comparison with the common type of single- 
horizontal-cylinder gas engine, that they comprise a greater number of parts and are 
generally made up of lighter parts that are necessarily less ruggedly built and assem- 
bled, so that maintenance costs are correspondingly greater. The higher speed of 
rotation of this type of engine is also a disadvantage, which means generally a shorter 
useful life. Ihese limitations, however, need not necessarily prevent such engines 
from giving thoroughly satisfactory performance over long periods of time in oil-well- 
pumping practice, if properly designed and built for this class of service. Instances 
aie known where a certain make of engine of this type has been in continuous service 
for 8 years. 

Figure 160 presents an illustration typical of engines of this class. They are 
available in sizes ranging from 25 to 150 hp., the sizes between 40 and 65 hp., weighing 
from 2,800 to 3,000 lb., being the most economical for ordinary well-pumping service. 
A power take-off on the engine end of the unit permits the same engine to serve two 




(^Courtesy of Climax Engine Co.) 


purposes of different speed requirements, simultaneously, if desired. A 4-to-l speed- 
reduction gear provides the drive shaft with a governed speed of about 250 r.p.m. 
with engine speed of 1,000. A reversing drum is also provided for use in pulling 
rods and tubing or in clean-out operations in wells up to 4,000 ft. in depth. Engines 
equipped to operate on either gasoline or natural gas deliver about 15 per cent more 
power with the former fuel than with the latter.* 

In some cases, operators have found it economical to adapt secondhand automobile, 
truck and tractor engines to the work of well pumping. A little ingenuity in adjusting 
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Fig, 160 .' — Multicylinder gas engine used for well pumping and maintenance in conjunction 


with a gear unit and hoisting drum. 




a carburetor to permit of using natural gas for fuel, introduction of suitable speed- 
reduction pulleys and countershafts and provision of an adequate counterbalance will 
often produce a thoroughly satisfactory power plant at very low cost. 

Oil Engines for Well-pumping Service 

The Diesel type of engine, in which t)il fuel is burned within the 


engine cylinder, is a type of prime mover that has been comparatively 
little used in well-pumping service. For a time, the complex mechanism 


and high pressure utilized in the earlier types of Diesel engines made 
them appear impractical for the rough duty imposed in oil-field service, 
but recent types, more rugged in their construction and operating at 

* Hogaboom, H. R., Operation and Maintenance of Multi-cylinder Gas Engines, 
^‘Drilling and Production Practice, 1937,^' pp. 336-346, Am. Petroleum Inst. 
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lower pressures, have attracted favorable attention. Thermodynami- 
cally, they are more efficient than any other type of engine, occasionally 
attaining thermal efficiencies as high as 35 per cent. 

For povrer units of a size suitable for well-pumping service, a more 
practical and commonly used type of engine is the so-called ^^semi- 
Diesel” engine, in which liquid fuel is converted into vapor, mixed with 
air and burned in a separate chamber communicating with the power 
cylinder. Combustion of the fuel, in this case, occurs with almost 
explosive rapidity, under a somewhat lower compression ratio than is 
necessary in the ^Tull-Diesel” engine. The crank end of the power 
piston and cylinder may be used to compress air for fuel injection and 
for starting the engine after a shutdown. An alternative arrangement 
makes use of a separate compressor unit of small capacity. 

The oil engine is particularly useful in oil-field service, where natural 
gas production has declined to such a point that it is no longer available 
in sufficient quantity for power development, or where it is more valuable 
for other purposes. Oil engines operate on low-gravity petroleum dis- 
tillates, or even on crude petroleum as produced from the well, provided 
that its volatility is not too low and that impurities such as water, sand 
and sulphur are not present to a detrimental degree. 

Oil engines are available in both two- and four-cycle types, but for 
oil-field pumping service the two-cycle type is almost exclusively used. 
The oil engine is noted for its high fuel economy and is, in most models, 
capable of developing a horsepower-hour at full load on less than 0.75 
lb. of fuel. At reduced loads, the fuel consumption is generally increased 
somewhat, being 11 per cent higher at three-fourths load and 27 per 
cent higher at half load. A 40-hp. engine is an appropriate size for most 
oil-well production purposes. When the load is direct-connected to the 
engine, as in pumping service, some type of clutch must be provided to 
permit the engine to gain momentum before taking up its load. This 
may be mounted on a belt-driven countershaft, or it may be attached 
to an extension on the crankshaft, operating a friction-drive pulley that 
carries the belt to the band wffieel. 

Many oil producers have refused to consider seriously the use of oil 
engines for well-pumping purposes in the belief that they are complex, 
difficult to start and comparatively inflexible as to speed and power 
output. Some years ago, this may have been true, but progress in the 
development of this type of engine, within recent years, has produced a 
prime mover that leaves little to be desired from an operating standpoint. 

Electric Motors for Well-pumping Service 

dWhere electric power may be purchased from utility companies at 
reasonable rates, or developed at low cost, there is probably no more 
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economical and satisfactory form of power for pumping service. Elec- 
tricity is a medium for power transmission that makes it possible to 
realize all of the economies of centralized power development, combined 
with efficient transmission to and application at the point of use. Instead 
of many small, scattered and inefficiently operated steam or gas engines, 
one at each pumping well, we may satisfy all our power needs with one 
or a few large and more efficient prime movers situated in a central plant. 
Stand-by losses are comparatively small in such a central establishment. 
Instead of maintaining permanently a large power reserve at each well, 
we need merely provide for the integrated average power demand for 
the entire group. With electric power developed in an efficiently 
operated central plant, transmitted to the wells and applied through 
electric motors, less than one-third as much fuel is required to do a given 
amount of work as is necessary with separate prime movers at each 
w^ell. 

Where electric utility companies are operating in the region, producers 
operating properties of small or moderate size will generally find it more 
convenient and economical to purchase electric power for well pumping 
from outside sources, rather than undertake generation of power for 
their own use. Purchase of power from outside sources relieves the oil 
producer of a considerable capital investment and of many vexatious 
problems in plant operation and power transmission with which he is, 
by training and experience, not overly familiar. On the other hand, 
where an abundant supply of natural gas is available at low cost, oper- 
ators of large properties sometimes find it preferable to develop their 
own power in central power plants. Though not common practice in 
the present-day oil industry, it would seem to be desirable in regions 
where utility companies are not operating for oil producers to coopera- 
tively develop power for their own operating needs in large, well-designed 
and efficiently operated central plants. Dependence on power from 
outside sources places the oil producer at the mercy of the power com- 
pany in the matter of reliability and continuity of service, which are 
considerations of great importance in efficient operation. If the trans- 
mission system is from a distant source and there is no other industrial 
market of importance near it, the transmission losses and capital charges 
may make the cost of power greater than it would be if developed in the 
field. Some oil companies have found it expedient to build large central 
generating plants, primarily for their own power needs. The Stanolind 
Oil & Gas Company’s 25,000-kw. plant near the Salt Creek field of 
Wyoming and the Burma Oil Company’s 16,000-kw. plant in the Yenang- 
yoimg field of Burma are notable examples. The generators in these 
plants are driven by steam turbines, steam being developed by burning 
natural gas or fuel oil. 
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Alternating current used in oil-well pumping service is customarily 
brought into the oil fields on three-phase 60-cycle high-voltage transmis- 
sion lines, the voltage used ranging from 440 to as much as 110,000 in 
some instances, depending upon the distance from the source of supply. 
At convenient centers near the points of use, substations are provided 
for “stepping down'' the voltage. If the primary voltage is high, it is 
necessary to reduce it in two stages, in which case secondary distribution 
may be accomplished at the intermediate voltage, final reduction being 
effected by transformer banks in the immediate vicinity of the wells 
served. Motor equipment at the wells is often designed for 440 volts. 
An effort should be made so to design the distributing system as to 
provide against any interruption in service due to accident. This 
requires that current be brought into the field over two or more lines 
forming a loop, the two ends of which follow separate routes. High- 
voltage lines should, if possible, be kept out of congested areas about the 
wells and storage centers as a precaution against fire. Large transmis- 
sion capacity on the primary side of the transformers is necessary to 
take care of severe surges that may occur when variable-speed motors 
are used on their high rating in pulling and cleaning operations. Power 
requirements will range from 60 to 150 kw.-hr. per well per day, including 
both routine pumping and occasional pulling and cleaning operations. 
Wells of small production use more power per barrel of oil pumped, 
regardless of depth, whereas deeper wells use more power per barrel of 
oil pumped but less per barrel foot. 

Electric motors possess a considerable advantage over steam and 
intenial-combustion engines in individual well operation in that they are 
unaffected by weather conditions. In cold weather, gas and oil engines 
often give trouble in starting, whereas the electric motor starts easily at 
all temperatures. Shortage of gas fuel and condensation of fluids in the 
gas or steam transmission pipes also occasionally give trouble in cold 
weather. The electric motor is cleaner and quieter in operation than 
either the steam or gas engine. Certain types of electric motors specially 
designed for oil-well service are well adapted to the constant power 
demand of routine pumping or the variable speed and power require- 
ments of repair and maintenance work. Time consumed in pulling 
rods and tubing is reduced one-third in comparison with steam or gas- 
engine performance. The motor hoists the first “stand" of tubing as 
rapidly as the last. It cannot stall on “dead center." The motor can- 
not “run away" and damage itself wdien the rods break and the well is 
left unattended. Electric motors require a smaller expenditure for 
operating labor than is necessary when engines are used. Motors are 
simpler and more rugged than engines, there is little about them to get 
out of order and they therefore require less attention. They need to be 
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oiled only at infrequent intervals and require less lubricating oil than 
does the gas or steam engine. Owing to their smoother pumping action, 
more uniform speed and freedom from vibration, there is less breakage of 
sucker rods and less strain and wear on belting. Motor equipment is 
long-lived; hence^, maintenance and depreciation are much smaller items 
in operating expense than is the case when steam or gas engines are used. 
Inventory values of repair parts that must be carried in stock in the case 
of electric motors are only 25 per cent of those necessary for gas engines, 
owing to the lower rate of depreciation and smaller number of wearing 
parts. With electric power, it is possible to meter the power consump- 
tion so that a continuous power record is available for ail operations. 
Owing to its smoother pumping action, with consequent reduction in rod 
breakages, and to the fact that there is little to get out of adjustment 
about a motor and, also, to the inherent reliability of electric power 
transmission, wells are able to operate for a greater percentage of the 
total pumping time than is possible when gas or steam engines are used. 
These many advantages possessed by electric power over other forms of 
power applicable in well-pumping service are in many cases reflected in 
lower pumping costs. 

Of the several different types of motors available for well-pumping service, none 
has proved so satisfactory for use in connection with the common belt-driven band 
wheel type of power transmission as the “oil-well type” of slip-ring induction motor, 
designed for two power ratings at two different synchronous speeds, both of which 
are adjustable by resistor control (see Fig. 161). Such motors are reversible, and the 
two-speed feature applies in reverse as well as in forward motion. A double-throw 
pole-changing switch permits of quickly changing from one speed and power rating 
to the other as the work to be done may require. Such motors may be had in several 
different power ratings, the and ^^^o-hp. sizes being commonly used, whereas 
motors with ratings of and hp. are also available. The latter rating indi- 
cates that with the stator poles grouped in one of the two alternative combinations 
the motor will deliver 65 hp., whereas the other combination will convert the same 
motor into a 25-hp. unit. The speeds will, however, necessarily change also, a typical 
motor of this style having, at full load, a speed of 1,200 r.p.m. at its high-power rating 
and 600 r.p.m. at low rating. The low speed is used for operating the pump, whereas 
the high speed is used for pulling rods and tubing, bailing, swabbing and other mis- 
cellaneous operations necessary from time to time in keeping the well “on production.” 
Such motors may be operated continuously at 125 per cent of their power rating for 
2 hr., without overheating; and at high speed they are capable of delivering three or 
four times their full-load torque for a period of 3 min. The control mechanism is 
equipped with secondary resistor grids and a drum controller giving 10 points of 
speed control, both forward and reverse. An oil-immersed contactor panel with 
push-button control provides for pole changing and circuit-breaking. The circuit- 
breaker is so designed that it automatically disconnects the power when for any 
reason the voltage becomes too low, or when the motor is dangerously overloaded. 
All parts of the motor and control equipment that might be productive of electric- 
sparks are preferably enclosed in a metal housing for protection against fires and 
explosions, which sometimes result from contact with natural gas or gasoline vapors 
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from the well. Use of housing on the motor is doublj’' important in some fields because 
of corrosive action of the well gases on the motor windings and polished metallic 
contacts. In designing gas-protective housing for use on electric motors, special 
consideration must be given to the problem of heat conduction. 

Although the double-rated variable-speed motor is eminently satisfactory for 
the purpose of operating a plunger pump, in so far as utility and general adaptability 
to the work is concerned, it has an unusually low power factor'*" (about 54 per cent) 
when operating at its lower speed and power rating in normal pumping operations. 
Since the motor is used at this speed and power rating most of the time, this means 
an over-all low efficiency from the power-factor standpoint. Furthermore, the con- 
trol equipment for the double-rated variable-speed motor is complex and expensive. 



{Courtesy of General Electric Company.) 

Fig. 161 . — Motor drive for well pumping and maintenance: ^H's-hp. motor with chain- 
and-sprocket drive to jack shaft. At left: controller and resistor grids. 


The double-rated constant-speed ^‘squirrel-cage’^ motor has a higher power factor 
(about 85 per cent), and the control equipment is less expensive. This motor is 
satisfactory for pumping operations in connection with proper speed-reduction 
mechanism, but lacks the flexibility of the variable-speed motor in pulling rods and 
tubing and in bailing and swabbing, unless appropriate speed control is provided by 
the transmission mechanism. Where mechanical provision for speed acceleration 
under load is not made by the transmission mechanism, the double-rated single 

Theoretically, the power delivered should be equal to the product of amperes 
flowing and the voltage used, but, practically, wattmeter readings will show a lower 
effective power utilization by an amount depending upon the characteristics of the 
motor. The ratio of the wattmeter reading to the product of the amperage and the 
voltage, expressed in percentage, is the “power factor.” 
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variable-speed motor must be used with pumping equipment and reversing control 
for the motor must be provided. 

The double-rated two-speed (^‘star-delta motor, in which the two speeds are 
not adjustable, can be used in pumping service at considerable saving in installation 
expense, through use of the Ford Torque-regulating Clutch. This device consists of 
an automatic centrifugally operated clutch which provides for gradual speed accelera- 
tion in starting the motor from rest xmder load, thus relieving acceleration strains and 
greatly reducing the peak-load rating curve. It also provides the necessary speed 
reduction through use of reduction gearing of the “sun-and-planet’’ type, thus per- 
mitting direct driving of the band wheel by belt or chain without use of an interme- 
diate countershaft. This clutch thus performs mechanically the work ordinarily 
done by the rheostat, resistance grids and compensators that must otherwise be 
provided as a part of the motor equipment. It is thought that this device would 
be particularly useful in remote control of wells where intermittent pumping is 
practiced. 

A variety of constant-speed squirrel-cage induction motor, known as the Y-delta 
triple-rated type, is the most recent development. This motor has three different 
power ratings at the same synchronous speed and operates with high efficiency and a 
high power factor over a wide range of pumping loads. For example, among other 
sizes, one such motor is rated at 40/25/15 hp. and operates at either 900 or 1,200 r.p.m. 
Such a motor is advantageous in adjusting the power output to the variable conditions 
often encountered in well operation. In early pumping operations when fluid levels 
are high and wells are heavily prorated, the low rating is used. When the load 
increases beyond the capacity of this rating, the next higher is employed and even- 
tually, at full production, the highest rating will be required. Still later, when produc- 
tion declines, we may again use the lower ratings. The highest ratings can also be 
used for operating a production hoist of the friction-clutch type. The differ- 
ent ratings are obtained by means of special connections brought out from the motor 
winding. Either of two ratings may be selected by means of a double-throw switch 
and the third by use of a second switch or, as is the usual practice, by changing con- 
nections at the motor terminal board. 

Another plan that may be followed with economy and satisfaction in operation of 
wells of moderate and shallow depth is that of using a single-rated constant-speed 
squirrel-cage motor for pumping service and a variable-speed slip-ring motor geared 
to a hoisting drum for “pulling’^ and cleaning purposes. The latter unit is mounted 
on a truck or tractor and moved about from well to well as needed. Such a plan 
permits maximum economy in that the pumping motor selected may be of inexpensive 
type and of such size as to operate at highest efficiency and without the necessity of 
using complex and costly control equipment. A notable exponent of this system of 
electrical operation is the Stanolind Oil & Gas Company, which at one time operated 
1,260 motor-driven beam-actuated pumps in wells in the Salt Creek field of Wyoming. 
The wells averaged 1,800 ft. in depth and each well was equipped with a 5-hp. constant- 
speed squirrel-cage motor operating at a speed of 1,200 r.p.m. To take care of rod- 
pulling operations on this group of wells, 32 portable outfits were used, each consisting 
of a 20-hp. slip-ring single variable-speed motor geared to a small hoist, each outfit 
being mounted, together with the necessary controls, on a 1 Ji-ton motor truck. The 
portable outfits were designed to be quickly “plugged-in” on the powder circuit at any 
well. For pulling tubing, bailing and swabbing, 24 heavier and more powerful port- 
able outfits were provided, each equipped with a 40-hp. motor and large hoist, mounted 
on a 3-ton truck or on a trailer moved about with a Fordson tractor. It is claimed 
that the total investment in these pumping motors and portable outfits was 60 per 
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cent less than the investment that would have been necessary had the wells been 
equipped with individual 'variable-speed motors. 

Of the three types of motors suitable for oil-well service, mentioned 
above, the double-rated constant-speed squirrel-cage motor costs only 
about one-third as much as the double-rated motor having two variable 
speeds with its necessary control equipment, whereas the double-rated 
single variable-speed motor costs about three-fourths as much. The 
least expensive of these three types is also the most efficient and has the 
lowest maintenance cost.f With squirrel-cage motors, the efficiency and 
power factor will be inherently higher than is possible with the variable- 
speed motors, owing to their higher speed of operation and because the 
squirrel-cage motors, if properly selected as to size, will be operated more 
nearly under full load at all times.® The economy of the constant-speed 
motor, however, must be balanced against the greater flexibility and 
utility of the variable-speed motor and the difficulties encountered in use 
of portable pulling equipment, particularly where the wells are deep and 
widely separated or difficult of access. 

Power Requirements for Pumping and Well-pulling Service 

The power required to pump a well is small in comparison with that 
necessary in pulling rods and tubing and in bailing and swabbing oper- 
ations. Pumping requirements range from 4 to 25 hp., depending upon 
the depth of the well, size of plunger and rods, length and rate of stroke, 
viscosity and density of the well fluid and rig friction. The power con- 
sumed in pulling and cleaning operations may range up to 120 hp. or 
more, depending upon the hoisting speeds, depth of the well, size of tubing 
and other related factors. Rod and tubing pulling operations can, in 
most cases,. be conducted satisfactorily with prime movers of 30 or 40 hp. 

Choice of Type of Prime Mover 

The choice as between one or another of the several types of power 
units must depend upon the particular conditions presented in each local- 
ity. Although convenience, reliability and adaptability will be important 
considerations in determining which shall be selected, the question is 
primarily one of economics and the type of power giving greatest economy 
in continued use will generally be the one to install. The producer with 
electric power, gas engines and oil engines available for his needs would 
only under abnormal circumstances find it economical to use steam power 

* Peake, A. W., and Pkior, F. O., Use of Electricity in Oil-field Operations in 
Wyoming, '‘Petroleum Development and Technology, 1927,’' pp. 194-218, Am. Inst. 
Mining Met. Eng. 

f McCargar, D, M., Electrical Applications in the Petroleum Industry, Mech, 
Eng,, October. 1927, pp. 1107-1108, Am. Soc. Mech. Eng. 
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for pumping and well maintenance. Where electric power may be 
cheaply purchased from outside sources, it will generally be found the 
most satisfactory type of power for well operation. Where electric power 
is not available or is not to be had at a reasonable price, the gas engine 
will, in most cases, be the most economical, particularly if the fuel required 
may be had without cost as is practically the case in many fields where 
there is a surplus of gas. Where gas is not available in sufficient quantity, 
or is more valuable for other purposes, the oil engine may be used with 
economy and equal satisfaction and often the crude petroleum produced 
from the wells can be used for fuel. 

There are other ramifications of the fuel problem, as, for example, the 
possible* development of electric power by the producer in central plants 
using steam turbines, gas engines or oil engines in large units as prime 
movers. All these possibilities must be considered by the oil producer in 
determining which type of power he should adopt. In many cases, as on 
previously equipped properties, w^here a change from one type of power 
to another is under consideration, the problem becomes still more complex 
in that the residual value of the existing plant must also be taken into 
account. In such cases, it may be more economical to continue use of a 
less eiSicient type of powder than to sacrifice the residual value of the present 
equipment in scrapping it for new and more efficient power units. 

Band-wheel Drives for Pumping 

The usual method adopted for reciprocating the rods in a pumping 
well makes use of a wmlking beam, pitman, wuist pin, crank and band 
wheel, the latter being driven by a belt from the drive pulley of a suitable 
prime mover. Electric motors, because of their high speed of rotation, 
require an intermediate pair of belt-driven pulleys on a countershaft 
placed between the motor and the band w^heel. The electric motor in 
this type of installation thus requires two belts, w^here the slower moving 
steam engine or internal-combustion engine requires but one (see Fig. 162). 

The band-wheel type of drive has the advantage that it makes use of 
the same mechanism which is used in drilling the well (w^here cable or 
“combination” rigs are employed), and, if at any future time redrilling 
operations are necessary, the pumping rig can readily be reconditioned 
for drilling service. The bull w^heels, or some equivalent type of hoisting 
gear, will also be required in pulling rods and tubing and in bailing or 
swabbing operations, which will be necessary at more or less frequent 
intervals in every producing well.* 

It has long been recognized that the usual band wheel, crank, pitman 
and walking-beam assembly so mdely used in reciprocating the rods in 
* Sclater, K. G., Belt Drives in Well-pumping Operations, Petroleum Eng, ^ 
January, 1935, pp. 55-57. 
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puinping wells, is an inefficient mechanism, but only within comparatively 
recent years have oil producers given serious consideration to its improve- 
ment. Inefficiencies of the band-wheel mechanism caused by lack of 
balance in the system, belt slippage, frictional resistance at the various 
bearings and eccentric thrust due to angularity of the forces operative at 
the crank, pitman and beam connections, in the aggregate result in serious 
power losses. Tests have indicated that the usual electrically driven 
wooden standard rig has an over-all efficiency of less than 25 per cent, 




{Courtes^j of Westinghouse Electric & Manufacturing Co.) 


Fig. 162.^ — Methods of applying electric-motor drive to pumping wells. 

including all losses from the switchboard to the polished rod. About a 
third of the total power applied is consumed in overcoming rig friction. 
Most of this occurs between the pitman end of the walking beam and the 
engine or motor. 

Belt slippage is probably an important source of inefficiency in most 
installations. Aside from the matter of inefficiency in service, a belt- 
driven installation is expensive from the operating standpoint. Cost data 
on a group of 245 wells in the Los Angeles Basin fields and 186 in the 
Midway District of California indicated a cost per rig per day of about 

* Bennett, Van D., Power Transmission Assemblies on Pumping Wells, Petroleum 
Eng.^ February, 1933, pp. 32-34 ' 
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30 cts. for belt maintenance. Belting expense on a group of 73 band- 
wheel pumping installations in one of the mid-continent fields averaged 
11.57 per day, the average period of service of a belt being only 118 days. 

Belts seldom fail because of severity of the actual work required, but 
rather as a result of abuse or improper use in service. The principal 
abuses to which oil-field belts are subjected include use of improper ten- 
sion in the belt, either subjecting it to undue strain when too tight, or 
permitting slippage when too loose; selection of too light a belt for the 
service required; running belts on pulleys that are out of alignment; use 
of improper methods and appliances in joining ends of belts and in placing 
them on pulleys; use of an excessive amount of sticky or gummy belt 
dressing; and insufficient protection against the weather. In order to 
secure more intelligent supervision in selection and use of belting, some 
oil companies employ inspectors who regularly visit and inspect ail pump- 
ing rigs making use of belt drives in their districts. 

Reversing Gear 

One of the difficulties encountered in adapting internal-combustion 
engines and electric motors to the work of pulling rods and tubing, 
swabbing, bailing, etc., is that of providing for reversal of the band-wheel 
motion. This may be accomplished, however, through use of a reversing 
gear attached to the main drive shaft of the engine, or to the intermediate 
countershaft. Figure 163 illustrates a common type of planetary revers- 
ing gear for use in connection with an internal-combustion engine. When 
a brake is set, the reversing gear engages the drive pulley, rotating it in a 
direction opposite from that in which it normally revolves and at twice 
the engine speed. Figure 164 illustrates the arrangement of pulleys and 
belts for an electrically operated countershaft drive with a reversing clutch 
attached to the countershaft. In the latter type of reversing mechanism, 
two belts, one of which is crossed, are run from fixed pulleys on the engine 
or motor-drive shaft. Two idling pulleys A and B driven by these belts 
are mounted on the countershaft Avith the reversing clutch C, which is 
controlled by a system of levers from the derrick floor. Each of the two 
driven pulleys is cast with an integral clutch drum, whereas the clutch 
spiders are keyed to the countershaft. Throwung the clutch in one direc- 
tion causes it to engage the forward-driven pulley, whereas in the opposite 
direction the reverse-driven pulley is engaged. In the center of the shaft 
is a neutral position in which no motion is transmitted to the countershaft 
drive pulley. The crossed belt on the reverse-driven pulley is removed 
when pumping. 

* Trax, D, L., Care of Oil-field Belting Important, Oil d' Gm Jour., Sept. 22, 1927, 
p. 144. 


I# 



,1 


296 


OIL FIELD EXPLOITATION 


Balancing the Static Load in Beam Pumping 

In an earlier section, the inequalities in loading that tail upon the 
sucker rods during different parts of the pumping cycle have been dis- 



Fig. 164.~ 


/ 5 ; 

{Courtesy of Oil Country Specialty Co.) 
-Belt-driven countershaft, showin^? countershaft reversing clutch. 


Fig. 163. 


(Courtesy of Lufkin Foundry and Machine Co.) 
-Pumping unit equipped with planetary reversing gear, “Tex-rope” drive and 
extra crank for back-side crank i^umping. 


cussed (see page 254). These irregularities in loading impose a difficult 
opeiatiiig problem on the prime moverj tending to cause irregularities in 
speed and ci eating a variable and rapidly fluctuating powev demand. 
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The difficulty can, to a large extent, be eliminated by applying a balancing 
or compensating load on some part of the power-transmission mechanism, 
which will store up kinetic energy on that part of the cycle when there is a 
surplus of energy available, to be later applied in relieving the load on the 
prime mover during other parts of the pumping cycle. The result is a 
rod motion that more nearly approximates the ideal simple-harmonic 
movement. Power is conserved, the over-all power consumption being 
reduced 10 per cent or more in some cases; and elimination of sudden and 
extreme stress reversals in the rods materially increases their useful life. 


Fig. 165. — Cantilever beam-extension counterbalance on “standard” pumping rig. 

It is believed, also, that the smoother motion of the pump plunger reduces 
the tendency of the oil to emulsify if water is present. 

Several different types of load-balancing devices have been developed and applied 
on various parts of the power- transmission mechanism. Perhaps the simplest is that 
in which a weight is suspended from the pitman end of the walking beam. Another 
widely used type of balance is attached to the band wheel. In another form, the 
balance is attached to the crank. In still another type, it is suspended on the pitman 
Beam weights may be suspended either directly from the beam, between the 
pitman and Samson post, or on a cantilever extension on the pitman end of the beam 
(see Fig. 165). The weight used is preferably a rectangular block of concrete sus- 
pended on a steel rod or cable, though a timber box filled with scrap metal or boulders 
is often used. To prevent the weight from swinging as the beam oscillates, it is 
preferably equipped with vertical guides on or between which it moves up and down. 
It is also necessary to provide a secondary means of supporting the counterweight at 
such times as it may be necessary to disengage the pitman from the crank, as in pulling 




{Courtesy of Emsco Derrick & Equipment Co.) 

Fig. 106 . — Double-reduction gear, motor-driven pumping unit with pitman-type counter- 
balance. 

Any disadvantage that the beam or pitman types of balances may possess due to 
inertia effects is avoided in the band-wheel and crank types of balances. Such bal- 
ances continuously revolve with the crankshaft and develop, to a certain degree, the 
familiar flywheel effect which tends to carry the mechanism over the position of peak 
load, wherever it may be, with minimum loss of velocity. Owing to the comparatively 
slow rate of rotation of the band wheel, however, the kinetic energy developed by 
rotating balances probably has less influence than the static force due to the attraction 
of gravity on their mass. This of course, develops a maximum turning moment when 
its center of gravity is 90 deg. past the vertical axis through the center of rotation. 
It is therefore important that the balance be attached to the wheel at such a position 


rods and tubing. Some authorities point out that the walking-beam type of balance is 
fuiidamentally incorrect in principle in that the weight is at rest at the beginning of 
the upstroke of the rods and must be set in motion and accelerated before it may yield 
its stored energy. Most of this energy is thus liberated after the rods have passed the 
mid-point of their upstroke. Studies have indicated that in some installations, 27 per 
cent of the total energy' consumption is expended in overcoming inertia of the static 
loads. Pitman counterbalances (see Fig. 166) would seem to be subject to the same 
criticism. 
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witii respect to that of the crank that it will exert its maximum force at the proper 
part of the pumping cycle. A well-known type of band-wheel balance is illustrated 


{Courtesy of Oil Country Specialties Mamifacturing Co.) 
Fig. 167. — Band-wheel type of counterbalance. 
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and the mass used may be either increased or decreased within certain limits by 
adding or subtracting metal weights which are provided in units of 100 or 150 lb. 
Removal of the counterbalance, which is necessary when pulling rods or tubing, can be 
accomplished in 5 min. 

A type of crank counterbalance used on Lufkin pumping units is illustrated in 
Fig. 168. It consists of a pair of heavy semielliptical castings with provision for 
bolting them to the edge of the metal crank. The position of the counterbalances is 
adjustable with respect to the axis of rotation by sliding them along the grooves in 
which the bolt heads are supported. Another style of crank counterbalance, illiis- 


Fig. 169. Motor-driven double-rednction-gear pumping unit with crank counterbalance. 


trated in Fig. 169, is supported on a special hub cast on the crank in such a way that it 
may rotate on the hub when not needed; or, on inserting a bolt, the balance may be 
rigidlj' attached to the crank, revolving with it. The bolt may be inserted in either 
of four holes in the counterbalance so that it may be adjusted to as many peripheral 
positions with respect to the crank to compensate for variations in the timing and 
length of the stroke and depth of the well. Still another type of crank counterbalance 
is illustrated in Fig. 170. 


Long-stroke Pumping Devices 

In 6arlier sections it has been suggested that a long and relatively 

slow stroke for the pump plunger has many advantages. A long plunger 
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stroke permits of better valve action, more complete filling of the working 
barrel on the upstroke of the plunger, less difficulty from gas in the work- 
ing barrel and a smaller percentage loss of the effective stroke owing to 
elastic stretch of the rods. A long slow stroke gives the requisite plunger 
travel with fewer stress reversals in the rods and therefore leads to a longer 
life for the rods and fewer interruptions in service due to rod breakage. 



Fig. 170. — Motor-driven double-reduction-gear pumping unit with crank counterbalance. 


The standard A.P.I. band-wheel crank pitman walking-beam assem- 
bly with 5-in. spacing between the wrist-pin holes in the crank provides 
for six different lengths of stroke ranging from 24 to 74 in. Ordinarily, 
pumping operations are conducted with the wrist pin in the second or 
third hole, giving a beam motion of 34 or 44 in., respectively. This is 
sufficient for wells of moderate depth; but, for deep wells where the rod 
stretch may become a factor of greater importance, recourse must be had 
to the longer strokes afforded by the fourth, fifth and sixth holes of the 
crank. As the length of stroke inci’eases, the eccentric thrust due to 
angularity of the pitman increases and the mechanism becomes less 
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efficient. The load is more difficult to balance effectively, and a jerky 
motion results. 

The recognized advantages of a long pumping stroke and the limita- 
tions of the ordinary band-wheel crank mechanism in securing an efficient 
long-stroke movement of the rods have led to the development of a 
variety of long-stroke pumping devices. Some of these are designed 
primarily as additions to the commonly used equipment, but, in other 
cases, entirely different mechanisms intended to entirely supplant the 
ordinary equipment have been developed. In some instances, pumping 
strokes as great as 20 ft. are provided. Space permits of brief description 


ABC 
Fig. 171. — Crank-gear attachments for increasing length of pumping stroke. A and B, 
Fetty long-stroke attachment; 0, Reschke rack-and-pinion gear. 

of but a few of the many different long-stroke devices. None has found 
extensive use. 

The Fetty long-stroke pumping attachment consists of two pairs of gear wheels, 
one pair fastened rigidly to the pitman and the other keyed to the band-wheel shaft 
in the position usually occupied by the crank. Two connecting rods attached to the 
bearings, one on each side of the two shafts on which each pair of gears is mounted, 
hold the gear wheels in mesh (see Fig. 171R). As the band-wheel shaft rotates, the 
gear wheels mounted on the pitman revolve around the circumference of the pair 
mounted on the band-wheel shaft, thus providing a stroke for the beam equivalent 
to twice the diameter of the interlocking gears. 

The Reschke long-stroke pumping device (see Fig. 171C) also makes use of a gear 
wheel which is bolted to the crank or keyed to the band-wheel shaft in place of the 
crank. An elliptically shaped steel guide equipped with toothed racks around which 
the gear wheel travels is attached to the lower end of the pitman, which must be 
somewhat shorter than usual. A special “mule head” is attached to the rod end of 
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the beam, providing a vertical pull on the polished rod, which is suspended on steel 

cable. 

A long-stroke pumping device that for a time enjoyed considerable popularity in 
certain fields of the Los Angeles Basin, California, where difficult pumping conditions 
are presented, is one that lifts the column of sucker rods by hydraulic force, utilizing 
the hydraulic-lift principle. This device completely eliminates the crank, pitman 
and walking beam. Figure 172 illustrates the equipment employed. Two hydraulic 
jacks designed for a stroke of 10 or 11 ft. are mounted on the derrick sills in a vertical 
position on opposite sides of the casing head. The jack cylinders A extend 21 ft. 
beneath the derrick floor into holes specially excavated for the purpose. A steel 
crosshead B connects the jack plungers at their upper ends and grips the polished rod 
C. High-pressure pipes connect the jack cylinders with a powerful hydraulic ram 
or pump, which is operated by a chain-and-sprocket drive from a countershaft driven 
from the band- wheel sprocket, used normally in driving the calf wheel of the ^‘stand- 
ard” or “combination” rig. The ram is equipped with a plunger driven by a cross- 
head. Moving in one direction, the piston applies water pressure to the jacks to 
accomplish the upstroke of the rods, whereas on the return stroke it applies hydraulic 
pressure to a cylindrical counterbalance pressure tank containing imprisoned air under 
pressure. The air thus compressed in the pressure tank, on the dowmstroke of the 
rods, assists in lifting the rods during its expansion on the succeeding upstroke. The 
pressure tank is designed to counterbalance the weight of the rods and about 40 per 
cent or more of the fluid in the tubing. Approximately the same amount of work is 
done on each stroke of the pump piston, thus giving a fairly constant power load. 
The equipment is of massive construction, weighing about 14,000 lb. The cost is 
about $4,000. The device is capable of developing a polished-rod stroke of 11 ft., 
with as many as 20 strokes per minute. The high rate of plunger travel and material 
reduction in the number of stress reversals in the rods ensures high fluid capacity with 
a minimum, of rod troubles due to fatigue of the metal. In one well, 850 bbl. of fluid 
per day was pumped through 2}44n. tubing from a depth of 3,800 ft. with this device, 
using sixteen 9-ft. strokes per minute. In another case, 1,200 bbl. of fluid per day 
was pumped through 3-in. tubing from a depth of 2,000 ft. 

The Kobe Gas-lift Pumper 

Where gas under moderate pressure is available in sufficient volume, its expansion 
may be utilized to reciprocate the sucker rods in a pumping well by means of the Kobe 
Gas-lift Pumper. This device is pictured in Fig. 173, whereas the sketch of Fig. 174 
shows the structural features and arrangement of component parts. With reference 
to Fig. 174, the rods are lifted by an engine having two vertical cylinders, the pistons 
being connected at their upper ends by a yoke vrhich supports the polished rod. 
Valve A, which admits gas under pressure to the pistons, is controlled by pilot valve B, 
which, in turn, is tripped at the beginning and end of the plunger stroke by stop rods C, 
attached to the connecting yoke. The engine is single acting, taking gas under pres- 
sure on the upstroke and discharging it into a gathering line on the downstroke which 
is accomplished by virtue of the rod weight. A second pair of pistons, inside the 
power pistons and operating in cylinders D and concentric therewith, provide a means 
of counterbalancing the weight of the moving parts and rod load. Oil pressure on 
the counterbalancing pistons is supplied from a steel tank (see Fig. 173) partly filled 
with a light oil upon the upper surface of which gas pressure is applied. The counter- 
balancing tank and cylinders, together with the communicating piping, comprise a 
closed system. As the power pistons move up and down, the oil is circulated back 
and forth between the counterbalance cylinders and tank, through a special throttling 







{Courtesy of Kobe, Inc.) 

Fig. 173. — Kobe gas-lift pumping equipment. 

counterbalance tank passes through the throttle valve to the bottom of the inner or 
counterbalance cylinders D through pipe F, filling the space left below the rising coun- 
terbalance piston. This fluid also fills the annular space above the piston in the work- 
ing cylinder to which it gains admission through ports in the spider which supports 
the dashpots J. Displacement of this fluid above the working piston through these 
ports controls the rate of upward movement hy exerting back pressure against the 
throttle valve G. On completion of the upward stroke, the reversing rod trips the 
pilot valve By which moves the main control valve A to such a position that the gas 
supply is cut off and gas in the power cylinder is allowed to exhaust into the gas- 
gathering lines. As the pressure is relieved, the pistons fall by gravity and the weight 
of the rods, fluid in the inner cylinders being forced back into the counterbalance tank 
and compressing the gas imprisoned therein. The pilot valve is again tripped by the 
reversing rod, and the cycle is repeated. Another feature of the Kobe Gas-lift Pumper 
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valve G, which controls the starting, stopping and speed of the engine. Stop rods on 
either end of the inner piston H are provided as a safety feature. In the event of 
overtravel of the power piston, breakage of the rods or failure of the throttle valve, 
the stop rods enter dashpots 1, thereby bringing the power piston to an easy stop. 
During normal pumping however, the stop rods do not function. 

The operating cycle is as follows: Gas under suitable pressure is supplied to valve A. 
This gas may be obtained from the well itself, from adjacent wells or from a com- 
pressor plant in the vicinity. Phis gas is also applied through a regulating valve to 
the gas space in the upper part of the counterbalance tank. From the main valve 
A, the power gas is directed into the annular spaces under the power pistons between 
the two cylinders, thus raising the pistons E. As the piston rises, fluid from the 
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is a dashpot regulation of the operating valve A, which accomplishes retardation of 
incoming and exhaust gas for an instant at the beginning and end of each stroke. As 
a result, -the lifting force is applied gradually to the rods at the start, until the stretch 
is taken up, whereas the force at the end of the stroke is also relieved gradually to 
allow the rods to contract and give the pump valves time to close. 

The length of stroke is adjustable between the limits of 6 in. and 6 ft. The speed 
may be varied from stroke per minute to 12 strokes per minute, thus giving a slow 
straight-line motion to the polished rod. It has been successfully used in pumping 
wells up to 8,000 ft. deep. The gas pressure necessary for operation ranges from 30 to 
220 lb., depending upon the depth from which the fluid is lifted, size of the pump, 
gravity of the oil and other related factors. The gas volume required for operation 
ranges from 1,000 to 4,000 cu. ft. per barrel of oil lifted, for depths of from 2,500 ft. to 
7,500 ft. The gas is not consumed, merely expanded, so that it may still be used for 
other purposes after expansion. At some wells where this device has been substituted 
for band-wheel pumping installations, lifting costs have been reduced as much as 
60 per cent. 

Pneumatic Pumping Cylindeks 

Another method of actuating the sucker rods in a pumping well, which has been 
used to a limited extent in field practice, involves the use of a long cylinder suspended 
in the derrick directly over the well-head, with the polished rod suspended directly 
from the end of a piston operating in the cylinder under the expansive force of com- 
pressed air (see Fig. 175). Compressed air is supplied from a central compressor 
plant serving several wells. The modern pneumatic pumping cylinder may be 
regarded as a development of the earlier and more primitive ‘‘pumping head,” which 
comprised a vertical cylinder mounted in a vertical position over the well-head and 
containing a reciprocating piston actuated by steam or by the expansive force of 
natural gas from the well. 

The pneumatic pumping cylinder has three moving parts, a main piston from which 
the polished rod is suspended and twm small pistons operating poppet inlet and dis- 
charge valves. The cylinder is suspended by four steel rods from the crown block 
of the derrick and is tied down to the well-head by use of wire lines and turnbuckles. 
Admission and exhaust valves in the pumping cylinder are controlled by the travel 
of the main piston in opening and closing ports in the main cylinder. The device 
is single acting. On the upstroke or pumping stroke, air is admitted to the under 
side of the piston under a pressure sufficient to lift the w’eight of the sucker rods and 
fluid and operate the pump at the desired speed. On the downstroke, the piston 
operates against a back pressure sufficient to counterbalance the weight of the rods 
and control the speed of their descent. The air-admission valve is timed to close 
somewhat before the piston reaches the upper end of its travel, and the exhaust valves 
close a little before the piston reaches the limit of its downward travel, thus cushioning 
the piston as it comes to rest at the end of each stroke. The ports through wdiich air 
is admitted and released from the cylinder can be readily changed to obtain any desired 
percentage of cutoff and compression and to vary the length of stroke in multiples of 
4 in. from 1 to 6 ft. A special longer cylinder is also available, affording a pumping 
stroke as great as 12 ft. It is also possible to vary the time for the up and down 
strokes, independently of each other, by regulation of the throttle-control valves. 
Thus, the adjustments may provide a rapid upstroke and a slow downstroke, or 
vice versa. 

In one installation of this device, compressed air is supplied from a central com- 
pressor plant to a group of six wells in which the pump barrels were set at a depth 



308 


OIL FIELD EXPLOITATION 


averaging 2,640 ft. Two-stage compressors are used, and the delivery pressure is 
260 lb, per square inch. The compressed air is preheated at each well in small gas- 
fired heaters to about 500°F . in order to increase its’efficiency. The pumping cylinders 
discharge their expanded air into a gathering line, leading back to the suctions of the 
compressors, at a pressure of 55 to 75 lb. per square inch. The air is thus used in 
a closed circuit, one small make-up compressor being necessary to replenish the air 
lost from the system by leakage. Wlien in. insert pumps and rods are used 



strk-fs pw mb'ute twenty-three 6-ft. 
cu. ft. of compressed air da% cylinder requires 297,600 
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will compare favorably with systems requiring the use of separate prime movers at 

each well. 


Mechanical Pumping Units 

Use of the band wheel as a means of transmitting power to the walking 
beam and of controlling its rate of oscillation in oil-well pumping is 
justifiable and logical where the wells are customarily drilled with cable 
tools and the same mechanism is later made available for pumping serv- 
ice without additional cost; but where wells are drilled by the rotary 
method, which does not make use of the band-wheel wmlking-beam 
assembly, its provision merely to meet the future production require- 
ments is not justifiable it a more eflhcient and economical means of powder 
application is available. Expense resulting from the use of belt drives 
may be obviated and material increase in power transmission efficiency 
achieved by use of one or another of the many types of mechanical 
pumping units available on the market. These are designed exclusively 
for production service and are intended to supplant partly or entirely 
the usual band-wheel mechanism.* The well may be drilled by either 
rotary or cable methods, and after completion the drilling equipment is 
removed and the pumping equipment installed. 

A variety of different types of pumping units are available, and some 
of the better known have found extensive use. Some employ V-belt or 
chain-and-sprocket drives; others make use of worm-gear, single-helical 
or herringbone-gear drives. The latter are mechanically the most efficient. 
Some accomplish reduction from the high rotational speed of the drive 
shaft of the prime mover to the necessarily slow speed of the polished 
rod in one stage, others in two or even three stages. An over-all speed 
reduction of 10 to 1 to 120 to 1 is necessary, depending upon the rota- 
tional speed of the drive shaft of the prime mover and the pumping 
speed desired. For ^^slow-motion’^ pumping, speed reductions as great 
as 1,200 to 1 are sometimes necessary where electric motors are used as 
prime movers. Most pumping units employ a crank-pitman and walk- 
ing-beam mechanism to change rotational to reciprocating motion; but, 
in some cases, the customary walking beam is replaced by systems of 
levers, cams and toggles. Some units are designed only to reciprocate 
the rods in a pumping w^ell. Others are also adapted to the transmission 
of power to auxiliary hoisting equipment used in handling rods and tubing 
and in bailing and swabbing. Space permits of but brief descriptions 
of a few of the better known pumping units on the market, those men- 
tioned in the following paragraphs being selected primarily because they 
constitute good examples of different types. 

* Day, P. C., Capacities and Loads of Gear .Units on Pumping Wells, Oil Weekly, 
Sept. 18, 1933. 
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A popular and widely used line of pumping units is manufactured by the Lufkin 
Foundry and Machine Co. of Lufkin, Tex. Earlier patterns of Lufkin units made use 
of a single-reduction worm-gear mechanism, direct-connected to either an electric 
motor or an internal-combustion engine. More recent models have made use of 
double-reduction herringbone-gear sets. A variety of different styles of Lufkin 
units are available, but Figs. 176 and 177 are typical. The electrically driven heavy- 
duty model equipped with twin cranks (Fig. 176) is appropriate for pumping wells as 
deep as 7,000 ft. and provides five different lengths of stroke ranging from 32 to 72 in. 
The cranks used are of special design and are equipped with adjustable counterbal- 
ances, which may be so placed as to balance the static pumping load and yet may be 
moved to the axis of rotation where they do not interfere with smooth power trans- 


mission when bailing, swabbing or pulling operations are necessary. Transmission 
of power from the motor-drive pulley to the herringbone double-reduction gear is by 
multiple V-belt drive. The entire unit is mounted on steel I beams that also support 
a steel tripod on which the walking beam rests. Figure 163 illustrates a smaller unit 
appropriate for depths as great as 3,000 ft. and providing a stroke of 21 to 48 in. A 
single-cylinder gas engine furnishes power, which is transmitted through a reversing 
clutch and V-belt drive to a double-reduction gear unit with balanced crank which 
actuates the pitman and walking beam. The photograph also shows a typical steel 
''rig front’’ of a type now widely used, comprising a braced steel Samson post, with 
steel beam and pitman. A small tubing hoist, driven by a chain from a sprocket on 
the crankshaft of the reduction gear, is provided for pulling rods and tubing or oper- 
ating a bailer or swab. Multicylinder gas engines are also adapted in some models 
(Fig. 177). 


{Courtesy of Lufkin Foundry and Machine Co.) 

Fig. 176. — Lufkin hea\T-duty twin-crank, electrically powered pumping unit, double- 
reduction-gear type, 72-in. stroke. 
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Figure 178 is illustrative of a somewhat different style of pumping unit manu- 
factured by the International Derrick and Equipment Co. In this case, an electric 
motor or multicylinder gas engine is connected by a silent chain or multirope drive 
to n single-reduction herring-bone gear unit affording a 12 to 1 speed reduction. A 
counterbalanced crank on the slo^v-speed shaft of the gear unit affords six different 
lengths of stroke. A sprocket, also mounted on one end of the slow-speed shaft with, 
clutch control, provides a means of driving a tubing hoist. The entire unit is mounted 
on a galvanized structural-steel base. A steel pitman, Samson post and walking beam 
complete the installation. 

The “Torque-arm” type of pumping unit, manufactured by the National Supply 
Corp., is illustrated in Fig. 179. In this unit there are three stages of speed reduction. 
An electric motor is connected to a single-reduction gear unit by means of a V-belt 
drive. A sprocket on the slow-speed shaft of the gear unit is connected by a silent 



{Courtesy of Lufkin Foundry and Machine Co.) 


Fig. 177. — ^Lufkin twin-crank pumping unit powered with multicylinder gas engine. 

chain drive with a large sprocket wheel keyed to the crankshaft. A band wheel 
may also be mounted on the crankshaft or not, as desired. All parts except the large 
sprocket are mounted on a structural steel base, one end of which is supported by 
bearings on the crankshaft, whereas the other is supported between two fixed powerful 
coiled springs designed to absorb vibration and shock. When undue strain is imposed, 
an automatic switch cuts off power to the motor. 

An unusual type of pumping unit, manufactured by the Parkersburg Rig and 
Reel Co. of Parkersburg, W. Va., is illustrated in Pig. 180. This unit is unique 
in that it is particularly designed for long slow-stroke pumping, providing four strokes 
of 5, 7, 9 and 11 ft. and operating at speeds of from 6 to 13 strokes per minute. Either 
an electric motor or a multicylinder gas engine may be used as a prime mover and is 
mounted directly on the structural steel base that supports the entire unit. A V belt 
from the motor drives the high-speed shaft of a double-reduction herringbone gear 
unit providing a40.6 to 1 speed reduction. Twin cranks on opposite ends of the slow- 
speed shaft of the gear unit are provided with four holes, in either of which wrist pins 
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supporting double steel pitmans may be placed. A steel saddle, connecting the upper 
ends of the two pitmans, supports a steel shaft mounted on the lower side of the 
walking beam between the Samson post and the well end of the beam. A feature 
peculiar to this unit is the use of an oscillating Samson post that provides a straight 
lift on the polished rod, even for the longest of its four strokes. A heavy adjustable 
counterbalance on the free end of the beam offsets part of the static load. The entire 
unit weighs about 35,000 lb., is designed to handle pumping loads requiring up to 
58 hp. and is capable of lifting as much as 600 bbl. of fluid daily with a 2>^-in. plunger 
pump from depths as great as 6,000 ft. 

The '‘IdeaP’ Straight-line Pumping Unit, pictured in Fig. 181A, utilizes two 
counterbalanced cranks, rotating in opposite directions, disposed one on either side 
of the tubing head and providing a straight upward lift on a crosshead that supports 



{Courtesy of International Derrick & .Equipment Co^) 
Fig. 178. — “Ideco” twin-crank pumping unit. 


the polished rod. Figure 181J5 is explanatory of the motion of the cranks, counter- 
weight and crosshead. It is claimed that utilization of 194 deg. of the crank revolution 
for the upstroke and only 166 deg. for the downstroke materially reduces vibration 
and jar in the rods. The two cranks are driven by the low-speed element of a helical 
reduction gear providing a speed reduction of about 40 to 1. The gear unit is operated 
by a V-belt drive from an electric motor. The entire machine is supported on a 
massive steel frame, mounted on rollers so that it can be readily moved out of the way 
when rods or tubing must be pulled from the well. It is manufactured in two sizes, 
one using a 15-hp. motor designed for pumping wells up to 2,500 ft. in depth, and a 
larger one designed for pumping wells as deep as 5,000 ft. and utilizing a 25-hp. motor. 

A recently developed type of pumping unit utilizes an air cylinder in 
conjunction with a pivoted walking beam as a means of balancing the 
weight of the rods. The Lacy air-balanced unit and the Parkersburg 
Hydronumatic unit are of this type. In the Lacy unit, pictured in 
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Fig. 182 y the air-compression cylinder is suspended in a vertical position 
under the beam, near the end that supports the polished rod. A hollow 
piston, moving in this cylinder and supported at the louver end on a 
pivoted bearing, compresses air on the downstroke of the rods, the energy 
thus stored assisting in lifting the beam on the succeeding upstroke when 



the air is permitted to, expand. A horizontal air receiver under the unit 
serves to store excess air, the pressure of which is controlled by a regu- 
lator. By adjusting this regulator, the counterbalancing effect can be 
adjusted while the unit is in operation. 

MULTIPLE PUMPING SYSTEMS 

Maintenance and operation of a separate power plant at each well, 
which is necessary when wells are pumped ^*on the beam” or with pump- 

I 
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ing units, is often expensive. The horsepower of the engine or motor 
provided is usually in excess of the normal power requirement for pump- 
ing purposes, and consequently it operates with reduced efficiency during 
the greater part of the time that it is in use. The excess power may actu- 
ally be used only at rare intervals when repair operations are necessary. 

When conditions permit, it is found to be more economical to operate 
a group of wells from one central power plant, and to accomplish this 
there has been developed a mechanical method of transmitting power 
from the central plant to each well by a system of reciprocating pull lines 


{Courtesy of Parkersburg Rig and Reel Co.) 
Fig. 180. — Parkersburg long-stroke, heavy-duty pumping unit. 


of steel rods or rope maintained under tension. This is commonly 
called the “Jack-pumping system,” a pumping “Jack” being erected at 
each well to translate the horizontal reciprocating movement of the 
surface puli lines into the vertical reciprocating movement necessary for 
operation of the sucker rods in the wells. A modification of this method 
is the “push-and-pull” system in which the power transmission lines are 
rigid, so that they may be operated under tension during the upstroke 
of the sucker rods and under compression during the downstroke. Still 
another little-used system of power transmission employed in multiple 

pumping involves use of a continuous traveling cable. 

Multiple pumping is ordinarily applied only to comparatively shallow 
wells, though wells as deep as 3,500 ft. have been successfully handled 
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(Courtesy of National Supply Corp.) 
Fig. ISIA. — “Ideal” straight-line pumping unit. 



Fig, 1815. — Sketch illustrating motion of cranks, counterweights and crosshead of 
“Ideal” straight-line pumping unit. 
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by this means. Furthermore, the wells must be fairly steady producers 
and not subject to frequent interruption for pump, rod and tubing main- 
tenance or for clean-out operations. The equipment provided at the 
well when this method of pumping is employed is not intended for use in 
pulling and cleaning operations, hence auxiliary stand-by or portable 
equipment must be provided for this purpose. 

The number of wells that can be operated from one power plant 
depends upon their depth, fluid levels, distance from the power plant 
and size of pumps used. The degree of perfection attained in the design 


Fig. 182 . — ^Lacy air-balanced pumping unit. 

and operation of the transmission system will determine, to an important 
degree, the net effective power available at the wells and will therefore 
limit the number of wells that can be successfully handled. Under most 
favorable conditions, about forty wells can be operated in one group, but 
normally not more than twenty-five will be advisable. The wells should 
not be so remote from the source of power that tensional elongation of 
the puli lines Avill neutralize most of the motion; however, outlying wells 
are occasionally a quarter of a mile or more from the power plant. 

Multiple pumping permits of operating wells with a minimum of 
power and at greatly reduced cost in comparison with the cost of pumping 
with individual engines or motors. When the system is properly bal- 
anced, the weight of the descending rods in some wells of the o^rvnr. wUi 
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assist in lifting the rods in others. The fluctuating power requirements 
characteristic of individually pumped wells are thus equalized so that 
the power plant is called upon to furnish a constant torque equivalent 
only to the integrated averaged load. Theoreticallyj with such a system 
the only power necessary is that required in lifting oil and overcoming 
friction and inertia of the moving parts of the transmission equipment. 

Pumping Powers 

The central power plant may be powered mth an electric motoi 
or a steam, gas or oil engine.'*^' The prime mover is belted or geared to 
revolve a vertical shaft carrying a crank on its upper end or a large 
band wheel turning on a stationary vertical shaft, one or two eccentrically 
mounted disks being fastened to the wheel and revolving with it about 
the vertical shaft (see Fig. 158). If a crank is employed, it carries a 
wheel which is free to revolve on the crank pin, the shackle lines leading 
to the wells being fastened to the rim of the wheel. If eccentrics are 
used, each supports, on its outer rim, an annular ^hslip-ring’^ to which the 
shackle lines are attached. The latter are thus given a horizontal 
reciprocating motion as the mechanism revolves. Small powers designed 
for light service have but one eccentric; heavy-duty powers have two, 
set 180 deg. apart. 

Band -wheel Powers. — K common type of power used in multiple 
pumping is one in which a large band wheel, supported in a liorizontal 
position on a stationary vertical shaft, receives a rotative torcpie by 
belt from the drive pulley of the prime mover. The layout of a typical 
band-wheel po-wer plant is illustrated in Fig. 183, which shows the rela- 
tive positions of the band wheel, the prime mover and belt tightener. 
A rectangular building 30 by 78 ft. in size is necessary to lioiise a 24-ft. 
band wheel and its related equipment. Such a building is often con- 
structed of galvanized corrugated sheet iron on a wooden or steel frame 
with a concrete floor. The shackle lines pass through horizontal slots 
cut in the side wails and end cf the building nearest the band wheel. 
Fig. 184 shows the structural details of the band-wheel power unit. 
Inasmuch as the drive pulley on the engine or motor revolves in a v^ertical 
plane and the band wheel in a horizontal plane the belt must be given a 
quarter twist. Also, because of the large size of the band wheel and the 
desirability of avoiding sharp bends in the belt, an exceptionally long 
belt must be used, necessitating provision of a belt-tightening device to 
maintain proper tension and assist in supporting the belt in position on 
the vertical face of the band wheel. The band wheel employed in this 
type of power must be of large diameter in order that a proper speed 

* ScLATEE, K. C., Central Pumping Powers, Petroleum. Eng., February, 1933, pp. 
22-24; March, 1935, pp. 73-74; April, 1935, pp. 76-77. 
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reduction may be provided and so that a uniform torque may be main- 
tained on the eccentrics. The diameter of the band wheel commonly 
ranges from 14 to 24 ft. and its face ranges from 16 to 30 in. in width, 
depending upon the width of belt necessary for the power to be trans- 
mitted. The face is preferably crowned to assist further in centering 
the belt on the rim of the wheel.* 





{Courtesy of National Supply Corp.) 

Fig. 184^. — Stmcturai details of typical band-wheel power. 

Early designs of band-wheel powers placed the eccentrics above the 
wheel, but more recent practice has shown the underslung type pictured 
in Fig. 185 to be preferable. The upper end of the vertical supporting 
shaft is often held in position by three or more stay rods anchored to 
concrete supports. Because of the heavy strain put upon them, the 
eccentrics must be of massive construction. The revolving eccentrics 

* Ueen, L. C., Multiple Pumping of Oil Wells: Pumping Powers, National Fetro- 
Zeum Wews, Aug, 1, 1928, pp. 47-56. 
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and the slip rings mounted on their rims must be accurately machined 
and of sufficient width to provide ample bearing surface. It is highly 
important that these bearing surfaces, as well as those between the main 

supporting shaft and bushings and the 
eccentrics and band wheel turning 
thereon, be properly lubricated. 
Modern designs provide for a contin- 
uous flood lubrication of these parts, 
several gallons of lubricating oil being 
continually circulated between the 
bearing surfaces with the aid of a 
small plunger pump. 

Geared Powers. — Another type 
of power that is widely used in mul- 
tiple pumping is gear driven. Earlier 
patterns were equipped with bev- 
eled-gear-and-pinion drives and were 

Fig. 1845. Structural details of typical appropriate only for groUDS of 10 
band-wheel power. x ocr j.* i i 

Illustrating construction of eccentric. COmpaiatively SlialloW WClls. 

More recent types are of the double- 
reduction type driven with helical or worm gearing. All are of the 
overpull type having eccentrics or a crank mounted on the upper end 



Fig. 184C. — Structural details of typical band-wheel power. 

Illu.stiating devices for attaching shackle lines to eccentrics. 


of a revolving vertical shaft. Some modern geared powers, designed for 
moderately high pumping speeds, are rated at 100 hp. and are capable of 



CALIFORNIA 

lUG. 1845.™ Structural details of typical band-wheel power. 
Illustrating devices for attaching shackle lines to eccentrics. 


pumpin^ as many as forty-t'wo 1,200-ft. wells. Figure 186 pictures an 

eaeient type of geared power in which the gears are entirely enclosed 
and require no other housing. They operate in an oil bath and require 
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but little attention. The power unit is direct-connected to the high- 
speed shaft of the double-reduction gear. 

Push-and-puli System of Multiple Pumping. — This type of power, 
illustrated in Fig. 187, has one or more disks mounted in a horizontal 


position on fixed vertical shafts about which 
they are free to rotate. A reciprocating con- 
necting rod, receiving its motion from a power- 
driven crank, is attached to the rim of each 
disk, giving it a partial rotation, first in one 
direction and then in the other. Wooden or 
steel puli rods attached at various positions 
about the rims of the disks connect with the 
pumping jacks at the wells and reciprocate 
back and forth as the disks oscillate. The 



Fig. 184J5J. — Structural details 
of typical band-wheel power. 


Sectional view of eccentric rim 
and slip ring. 


mechanism is driven by an engine or motor through a belt to a pulley 


on a countershaft to which is attached a pinion meshing with a larger 


gear wheel mounted on a shaft having two crank arms. Pitmans 


may be attached to either or both cranks, each actuating a sepa- 



{Courtesy of Joseph Reid Gas Enqine Co.) 
■Underslung type of band-wheel pumping power. 


rate disk. A single-disk power of this type, operated by a 25-hp. 
motor or engine, will pump twelve to fifteen 1,600-ft. wells or eight 
2,500-ft. wells. A double-disk power will pump twice as many wells 
with a 35-hp. prime mover. 



{Courtesy of Lufkin Foundry and Machine Co.) 
-Lufldn central pumping power, worm-gear drive, showing connecting rods 
shackle lines and throw-off posts. ’ 
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be only two to four. With this method, the pumping rig operates the 
well at which it is situated in the usual way; and, in addition, a shackle 
line attached to the wristpin on the crank is led off to operate one or 
more additional wells equipped with jacks. Instead of attaching the 
connecting shackle line directly to the wrist pin of the pumping rig, 
one or more extra pitmans may be used, disposed in such a way as to 
reciprocate a pendulum or rocker pivoted to oscillate in a vertical plane 



operated well. 

or a crosshead supported on rollers or slides in a horizontal position 
(see Fig. 188). Shackle lines, attached to the reciprocating elements, 
extend to the other jack-operated wells. A 20 or 30-hp. engine or motor 
of the type ordinarily pro\dded for operating a single well may thus be 
made to pump as many as four wells. Such a system of power trans- 
mission is considerably less expensive than one requiring a band-wheel or 
geared power and yet possesses most of the advantages of the more 
elaborate forms of multiple-pumping powers.* 

* Bennett, V. D., Backside Crank Pumping in Kansas Fields, Petroleum Eng., 
May and June, 1935. 
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Eadless-cabie System of Power Transmission in Multiple Pumping — 
A unique system of power transmission used, as far as is known to the 
writer, only in the Volcano field in West Virginia, makes use of an endless 
traveling cable of steel carried under tension on rollers and grooved 
sheaves from a central power plant through the field from well to well 
and back to the power plant. At the power plant, the cable is passed 
several times about the rim of a large vertical wheel, which is revolved by 
a crank and pitman actuated by a steam engine. At each pumping 
well, the cable passes twice around the grooved edge of a band wheel of 
ordinary pattern, wdiich actuates a crank pitman wmlking-beam mecha- 
nism. An automatic rope-tightening device maintains uniform tension 
in the cable. 

Shackle Lines 

The power transmission lines used for connecting the wells with the 
power may be steel or \vooden rods, connected end to end, or steel cables. 
Hardw^ood rods have been used only in primitive plants in light service. 
Steel shackle lines are used in all modern installations. Steel cable is 
preferred by many operators, the cables commonly used for this purpose 
ranging from J 2 to 1 in. in diameter. Steel drilling or hoisting cable that 
has served its usefulness in drilling operations may be employed if the 
duty is not severe, and has the advantage that it does not stretch as much 
as new cable. If steel rods seem advisable, old sucker rods, 3^-2 to % 
in diameter, connected by screw couplings, may be used. New rods with 
plain or upset ends, 3 2 1 diameter and 20 to 30 ft. long, may 

be connected with bolted clamps. Steel rods have the disadvantage that 
they tend to crystallize and break under fatigue stress and are not so well 
adapted as steel cable where a long fast stroke is required. However, 
rods do not stretch so much as cable under tensional stress, and the length 
of stroke is not so greatly shortened. In order to increase flexibility and 
reduce tendency to vibrate when rods are used, some operators insert 
short stretches of cable at intervals.* 

Inavsmuch as powder is applied to the pump only on the upstroke and 
the weight of the sucker rods in the well is suspended on the shackle line, 
the latter is always under tension. The tensile stress, of course, is greater 
on the upstroke of the pump than on the downstroke. Turnbuckles, 
inserted in the shackle lines at convenient points, afford a means of adjust- 
ing variations in tension that result from stretch and temperature 
changes. 

Shackle-line Suppoets and Steuctures 

Many ingenious devices have been contrived for supporting the shackle 
lines and providing changes in direction either in a horizontal or vertical 

=** Uken, L. C., Multiple Pumping of Oil Wells: Siiackle-lme Supports and Pumping 
Sacks. National Petroleum NewSj Aug. 22j l9B8i Pp. 51-62. 
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plane. Special arrangements must be provided for disconnecting indi- 
vidual shackle lines from the power when necessary and for making read- 
justments in the length of stroke to meet requirements of different wmlls. 
Such supports and structures may be of substantial timber construction, 
or they may be of steel in tubular or rolled structural forms. Bolted 
timber structures may be readily assembled on the producer's property 
from materials commonly at hand. Welded or bolted steel structures, 
made of well casing and tubing, may also be conveniently constructed in 
oil-field shops from materials commonly available. Specially fabricated 
steel supports and structures available from manufacturers possess greater 
rigidity and have a longer life, with less maintenance expense, than is the 
case with timber structures. Good mechanical construction is essential 
in the design of these supports and structures, otherwise there will be 



{After R. Barnes.) 

Fig. 189. — Types of hold-up posts for shacklc-iiiie support. 


much lost motion and the efficiency of power transmission will be greatly 
reduced. They should be rigidly mounted and are preferably set in 
concrete. Dust-proof bearings are an advantage where pivoted members 
are invohmd. 

In order to minimize friction and prevent undue wear of the shackle 
lines, they must be supported above the ground and not permitted to 
drag on other stationary objects. Usually they are supported by 
hold-up posts’" (see Fig. 189) that are placed at intervals of from 25 to 
50 ft., or sufficiently close to eliminate sag in the shackle lines as far as 
possible. A hold-up post may consist of a piece of timber or casing one 
end of which is set vertically in a hole several feet deep in the earth, 
whereas the other extends 3 to 10 ft. above the surface. Space around the 
post or pipe in the excavation is filled with tamped oil sand or concrete, 
preferably the latter. The shackle line is supported in a groove cut in 
the top of the hold-up post. Where a tubular steel post is used, a grooved 
wooden head is fitted into the upper end to support the shackle line. 
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Near the power plant, where there is often considerable sidesweep in 
the shackle lines due to motion of the eccentrics, they may be supported 
on an elevated horizontal timber rail or in timber troughs or boxes 
mounted on suitable posts; or, they may be suspended on short rods or 
cables from an overhead timber structure surrounding the building that 
houses the power plant (see Fig. 190). Small rollers or grooved sheaves, 
suitably mounted to reduce friction, are occasionally used to support the 
shackle lines. A short piece of pipe or a casing collar, mounted so that it 
is free to roll back and forth in a timber box, makes an inexpensive yet 
efficient type of roller support for the shackle line (see Fig. 191). 


Fig. 190. — Shackie-liiie supporting structures in vicinity of building housing band- 

wheel power. 


Less frictional loss is incurred when the shackle lines are supported 
by ''pendulums/' which consist of short lengths of steel rod or cable 
suspended from, above by structures of timber or steel. These may 
assume a variety of forms, as illustrated in Fig. 191. Still another form 
of shackle-line support, particularly useful where a change in direction 
of the line in a vertical plane must be made, is called a "swing post" or 
"rocker." This consists of a rigid frame supported in an upright position 
and pivoted either at top or bottom. The shackle line is permanently 
attached to the free end ol the rocker, so that it rocks back and forth as 
the shackle line oscillates. Figures 192 and 193 illustrate typical forms 
of rockers* When the terrain is irregular, a rocker pivoted at its upper 
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end may be used at low points, such as the bottom of a ravine, whereas a 
rocker pivoted at its lower end is usual at high points, such as the crest 




{After IL C. George, U. S. Bur. Mines.) 
Fig. 191. — Types of supporting structures for shackle lines. 



of a ridge or hill. By such means, shackle lines may be made to conform 
approximately with the slope of the ground. 


Fig. 192. — Pendulum for shackle-line Fig. 193.— Eocker for shackle-line support, 
support. 

Where the direction of a shackle line must be changed in a horizontal 
plane, a deviQ^ called a “butterfly” or “angle” is used (see Fig. 194). A 
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change in direction may be necessary to avoid some impassable obstacle 
or difficult topography. It may be also, in order to balance loads on the 
power, tiiat a particular line will be carried out in some other direction 
from the power than that of the well which it is intended to operate. A 
“butterfly” consists of a rigid triangular frame of timber or steel, sup- 



Tig, 194, — “Butterfly” for changing direction of shackle line in a horizontal plane. 


ported in a liorisontal plane and pivoted at one corner against a rigid 
supporting post. A shackle line connecting with the power is attached 
to one of the reniainiiig tv^o corners, and a line leading to the well to be 
pumped is attached to the other. The shackle lines should enter and 
leave the butteriiy horizontally. A single butterfly may serve as a power 
distriljutioii center from whicli different wells are operated, it being 
possible to attach any desired number of shackle lines to the oscillating 
corners (see Fig. 195). 




{After R. Barnes.) 

Fig. 195. Iliustrating use of “butterfiy” in operating two or more wells with one shackle 

line. 

A somewhat less satisfactory means of changing the direction of a 
shackle line in a horizontal plane involves use of a hold-in swing” ora 
^diold-out swing,” the choice depending upon the povsition of the support 
with rc^spe(‘t to the angle formed by the shackle line. If the support is 
within tlici angle lormed by the line, a hold-out swing is used (see Fig. 196); 




Eig. 196. — Hold-out swing for changing direction of shackle line, 


Fig. 197. — Hold-in swing for changing direction of shackle lino. 

The shackle lines have a tendency to lose some part of the stroke pro- 
vided at the power as a result of elastic elongation under strain and sag 
between supports due to insufficient tension, thermal elongation and other 
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causes. Loss of effective stroke by the shackle lines may be offset by the 
use of a device called a “multiplier” or “stroke post,” thus providing for 
any changes from the normal stroke afforded by the power, that may be 



Fig. 198. — Common type of “multiplier” or “equalizer.” 

desirable at particular wells. The same device may also be used to 
shorten the length of stroke of the shackle line, in which case it is called a 
reducer. A common type of multiplier (or reducer) is illustrated in 
Fig. 198 and another in Fig. 199. It will be noted that it is nothing more 



than a rocker with the shackle lines attached at two different points, 
differing in their distance from the axis on which the post is pivoted. The 
length of stroke of the shackle line to the well will, of course, vary with 



MECHANICAL DEVICES FOR LIFTING OIL FROM WELLS 331 


the distance of the point at which it is attached from the pivot on which 
the post oscillates. Multipliers may also be used for passing the shackle 
li^e over or under a road or other obstacle. 

When individual wells have to be disengaged from the power for 
cleaning or repair purposes, it is usual to disconnect the shackle lines 
leading to those particular wells, near the power. Steel rods are generally 
used to connect the power with the shackle lines, and the lines and rods 
are connected by means of large interlocking hooks. Just back of the 
hook nearest the w’ell on each shackle line, a substantial hold-up post is 
provided, so that the base of the hook nearest the well almost touches the 
post at the end of the downstroke of the pump. By slipping a grooved 



Fig. 200. — Illustrating use of throw-off post. 


wooden block over the cable, between the post and the base of the hook, 
at the end of the upstroke of the pump, the two hooks may be disengaged 
and the shackle line thus disconnected from the power (see Fig. 200). 
When it is desired again to connect the shackle line of an idle w’-ell with 
the power, it is only necessary to engage the two hooks and remove the 
grooved block. A more elaborate type of ^Hhrow off is constructed in 
the form of a sliding crosshead connected in each line near the power. By 
simply throwing a lever and inserting or removing a metal pin in the 
crosshead, a shackle line may readily be connected or disconnected from 
the power with minimum hazard to the operator. 

Occasionally a system of shackle lines on a central power may not be 
balanced accurately unless an additional load is added to the system at 
some point- For this purpose, a ^^counterbalance may be provided. 
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This often consists of a timber or metal frame built in the form of a rocker 
with a timber box filled with boulders or scrap metal or a molded concrete 
block attached to one side of it (see Fig. 201). A shackle line is attached 
near the top of the rocker, and the frame itself is pivoted at the bottom. 
Counterbalances are often required when additional wells are to be added 
to a multiple pumping system previously in balance with a smaller number 
of wells. They are also useful in keeping the shackle lines taut in oper- 
ating “tail” pumps or shallow wells in which the weight of the sucker 
rods is not sufficient, without assistance, to keep proper tension in the 
shackle lines on the downstroke of the pump. 



Fig. 201. — Rocker counterbalance. 

Pumping Jacks 

The device employed at the well for changing the horizontal recipro- 
cating motion of the shackle line to the vertical reciprocating motion of 
the sucker rods in the well is called a “pumping jack.^’ There are many 
different types and styles of pumping jacks in use, some of which are 
constructed on the producer’s property from materials commonly at 
hand, whereas others embodying various patented features are available 
through manufacturers and supply dealers. 

A common type of jack is triangular in form and constructed of rolled 
steel sections, pipe or heavy timber. It is pivoted at one corner against 
a substantial post or sill situated at the side of the well-head or is sup- 
ported in a metal frame of suitable design bolted to the derrick floor 
and braced with stay rods in such manner as will best oppose the pull 
of the shackle line (see Fig. 202). The shackle line connecting with the 
power is attached to one of the free corners of the jack and the polished 
rod, on which the sucker rods in the well are suspended, to the other. 
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Such jacks, though widely used in the early development of multiple 
pumping, have been largely displaced by more complex types that 
provide less angularityin the upward movement of the polished rod and a 
longer and more powerful pumping stroke. These advantages are 



secured through use of additional members that provide greater leverage, 
toggle-joint movement and a better balance of forces. 

Most of the modern styles of pumping jacks now^ employed are 
developments of the Oklahoma type of jack in which the usual triangular 



Fig. 203. — Jensen Oklalioma-type straight-lift pumping jack. 


frame is indirectly connected to the polished rod through a beam pivoted, 
usually, at one end (see Fig. 203). A balanced beam may also be used. 
Provision is often made ior varying the length of stroke of the polished 
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rod by devices that permit of adjustments in positions of bearings and 
connections. These, in effect, change the relative lengths of the power 
and work arms of the jack, thus giving greater mechanical advantage. 
Figures 203 and 204 illustrate two of the more' modern types of jacks 
that are finding extensive use in modern multiple pumping. 

The Jensen “straight-lift” jack, shown in Fig. 203 is successful in securing recti- 
linear movement of the polished rod and a long pumping s broke. A stroke as great as 
5 ft. is said to be possible with this jack when a 24-in. motion of the shackle line is 
provided. It is a powerful jack, capable of operating a 2-in. pump at a depth as great 
as 3,500 ft. In some models, an extension on the beam makes possible the use of a 



Fig. 204. — Goble variable-leverage pumping jack. 


counterweight, which aids in equalizing strain and in securing a more uniform pumping 
stroke. 

The Goble jack utilizes the varied-leverage’^ principle (see Fig. 204). Through 
use of a chain connection with the shackle line, the links of the chain meshing over 
teeth on a curved plate on the jack, the point of application of the power with respect 
to the supporting pivot remains approximately constant as the triangular frame alters 
its position. The result is said to be a more uniform lifting force. This jack, because 
of its peculiar construction and position of the fulcrum on which it oscillates, is 
capable of a long stroke, in some models as great as 64 in. A counterweight assists in 
securing smoothness of motion. The jack is of heavy construction and is capable of 
pumping the deepest wells operated by the multiple system. 

Still another form of pumping jack, occasionally met with, is the circle jack.’’ 
This consists of a large wheel or semicircular timber frame mounted on a suitable 
support and pivoted at the center of the circular arc. It is so supported that the 
polished rod is ia a position tangent to the cireuiar arc and at some distance above the 
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casing head, say S or 10 ft. (see Fig. 205). The transmission line is carried over this 
circular arc and down to the connection with the polished rod. A chain is often sub- 
stituted for the ordinary shackle line where it passes around the circle jack. The 
chief advantage of this form of jack is that it exerts a straight upward pull on the 
polished rod at all times. Some forms of jacks, as well as the ordinary walking-beam 
connection used when pumping on the beam, develop a considerable side thrust as the 
point of connection with the power describes an arc instead of moving up and down 
vertically. Although this side thrust is more or less absorbed by the “spring” of 
the polished rod, it nevertheless results in certain friction losses, occasions wear on the 



Fig. 205. — Circle jack. 


polished-rod stuffing box and causes swaying of the tubing and casing-head connections. 
Many of the more modern triangular and Oklahoma-pattern jacks also maintain a 
straight upward puli on the polished rod by use of short metal arcs or “mule heads” 
attached to the end of the beam or to the corner of the jack that supports the rods. 

Balancing the Load on the Powee 

It is apparent, in the design of a multiple-pumping installation, 
that power may be saved and operating difficulties avoided if the loads 
on the eccentrics are so adjusted that the power requirement is practically 
constant throughout a complete revolution of the eccentrics. This 
necessitates a close study of the loads imposed by different wells and their 
directions from the power station. Maximum power economy is achieved 
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by attacliiiig the shackle lines leading to the various wells on the power 
eccentrics in such positions that a uniform loading is applied. This is 
generally accomplished by ''cut-and-try’' methods, experimenting by 
attaching the shackle lines in different positions on the eccentric slip 
rings until the arrangement giving the most uniform motion and lowest 
power consumption is found. It is much easier to effect a load balance 
on a double-eccentric power in which the two eccentrics are mounted 
180 deg. apart on the drive wheel than with a single eccentric. Thus, 
if the load in one direction from the power seems to be greater than in 
others, we may change the shackle lines on that side to the other of the 
two eccentrics. Its load will then, in effect, be taken up as though it 
were actually on the other side of the power. This results because 
pumps in wells on one side of the upper eccentric are on the upstroke, 
whereas those in wells on the same side of the power connected with the 
lower eccentric are making their downstroke. When an electric motor 
is used as a prime mover, variations in loading indicated by an ammeter 
placed in the motor circuit will be of assistance in securing proper 
balance. 

If possible, each individual shackle line is taken off in a straight line 
directly toward the well to be operated by it; but, if a suitable balance 
of loads cannot be otherwise secured, one or more of the lines may be 
taken off from the power in some other direction than the well or wells 
to be pumped, thus changing the balance of forces operating on the power. 
The direction of the shackle line in such a case must, of course, be changed 
at some point intermediate between the power and the well by inserting 
a butterfly or a hold-in or hold-out swing. In some instances, where 
proper balancing of loads cannot be otherwise secured, an additional load 
is provided by installing an oscillating ^Toalance bob,’’ with shackle-line^ 
connections to one of the power eccentrics, similar to those employed 
in operating the wells. 

Distribution of load on the power is also influenced to an important 
degree by its position with respect to that of the wells which it operates. 
Obviously, if all the wells of the group to be operated are on one side of 
the power, it will be more difficult to secure a proper balance than if the 
power is situated near the geographic center of the group. The average 
length of the shackle lines is also less if the power is centrally situated and 
frictional and elastic losses in the transmission system are correspondingly 
reduced. 

Balancing the load on the power merely assures a uniform torque 
throughout a complete revolution of each power eccentric, so that the 
plant may operate smoothly and efficiently with a prime mover of mini- 
mum capacity. For each position of the eccentric, there will be a positive 
load equivalent to the difference between the pull of the shackle lines 
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to the wells on one side in which the sucker rods are in various stages of 
upstroke and the pull exerted by shackle lines on the other side, to wells 
in which rods are in various stages of downstroke. This differential 
force should be as nearly constant as possible. It is possible, by careful 
engineering design and by determination of the power requirements of 
the various wells, to analyze all of these factors before a multiple pump- 
ing plant is installed'*' and so to locate the power that a minimum con- 
sumption of energy will be expended in its operation. The amount of 
power necessary may also be predicted with fair precision. 

Design of such an installation affords an interesting application of 
fundamental principles of mechanics with which ail engineers are familiar. 
In its theoretical aspects, the problem involves adjustment of the direc- 
tion of forces acting on the power, so that the resultant of ail forces about 
each eccentric is as nearly zero as possible throughout its entire revolution. 
We may alter the direction and magnitude of this resultant by changing 
the position of the power plant with respect to the wells, by changing 
the direction of take-off of one or more of the shackle lines or by adding 
or subtracting loads at appropriate points in the transmission system. 

The load imposed b}^ each w^ell may be determined by dynamometer 
tests while the wells are being individually pumped. To these loads, 
suitable additions are made to cover frictional and mechanical losses in 
transmission of power from the central plant to the wells. With the 
force imposed on the power eccentrics by each shackle line thus estimated, 
it is possible to determine their resultant for any position of the eccentrics 
by graphical or trigonometric methods. A common method involves 
graphic solution of a force diagram on a map of the power plant and well 
locations, drawn to scale, the forces imposed by the various ^vells being 
represented by scaled vectors drawn in their proper directions about the 
center of rotation of each eccentric. 

Practically, it is seldom possible to attain a perfect load balance. 
Even where it is possible to do so at one time, conditions change from 
time to time, particularly when one or more wells are disconnected from 
the power for repairs. Multiple pumping is used primarily for operating 
wells of comparatively low productivity. Often they are operated 
intermittently, the wells yielding too little oil to justify continuous 
operation. Some wells of a group produce less than others and ''pump 
off'^ earlier than the more prolific producers, thus creating variations 
in loading on the power eccentrics. Such variations may be offset to 
some extent by adjusting the lengths of stroke of the pumps in the 
various wells, so that all wells in the group "pump offf^ in about the same 
time. 

* Gaziybv, G., Calculation Problems of Central Power Installations, Oil-Field 
Eng., July, 1927, pp. 25-30 and August, 1927, pp. 37-45. 
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111 choosing the position for the power plants it will be advisable to 
place it as near the geographic center of the group of wells to be pumped 
as possible. However, there must be sufficient clear and level space 
all about the power to permit of making suitable take-offs from the power 
rods and for placing throw-off posts. When the topography is irregular, 
it is preferable to have the power station on high ground relative to the 
well-heads, rather than below them. 

Operating Details of Multiple-pumping Plants 

Multiple pumping is best adapted to fields in which the wells are 
comparatively shallow” and not too widely spaced, w^here the volume of 
fluid to be lifted is not excessive, and where production is ''settled'' 
and repair and clean-out operations of infrequent occurrence. Wells 
as deep as 4,000 ft., producing as much as 150 bbl. per day, can be 
successfully and economically operated by this method. The distance 
over which power may be transmitted by means of shackle lines, with 
reasonable efficiency, depends to some extent upon the topography. 
Under favorable conditions, with flat terrain, shackle lines as long as 
half a mile are sometimes used. 


Table XV. — Effect op Depth of Wells and Size of Tubing on Number op Wells 
That Can Be Pumped with a Band- wheel Power* 


Depth of wells, ft. 

2-in. tubing 

2J'^-in. tubing 

3-in. tubing 

40 hp. power, 18-in. stroke, 18 strokes per minute 

1,000 

35 wells 

22 wells 

15 wells 

1,500 

24 wells 

15 wells 

10 wells 

2,000 

18 wells 

11 wells 

8 wells 

2,500 

14 wells 

9 wells 

6 wells 

25 hp. power, 18-in. stroke, 18 strokes per minute 

1,000 

22 wells 

14 wells 

10 wells 

1,500 

15 wells 

10 wells 

7 wells 

2,000 

11 wells 

7 wells 

5 wells 

2,500 

9 wells 

6 wells 

4 wells 


* From National Supply Company’s Bull. 1-NA. Data computed on basis of 
1 lip. per 1,000-ft. lift in 2-in. tubing, per 6o0-ft. lift in 21^-in. tubing and 450-ft. lift 
in 3-in. tubing. 


The number of wells that can be operated from one power plant 
depends upon their depth, fluid level, productivity, distance from the 
power station and the size of pumps used. Table XV indicates the 
extent to which depth of the wells and size of the pump used influence 
the capacity of a typical band-wheel power. 
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The power necessary at each well is theoretically determined by the 
product of the weight of oil lifted per unit of time and the height of lift. 
To this must be added the frictional losses in the well-piimping equipment 
and in the surface-transmission mechanism. Frictional losses will 
generally represent an important part of the total power requirement^ 
especially in poorly designed and constructed installations. The degree 
of mechanical perfection attained in the design and operation of the 
transmission system wdll determine to an important degree the net effec- 
tive power available at the w^ells and wall, therefore, limit the number 
of wells that can be successfully handled. In pumping 1,000-ft. w^ells 
in the California fields, power requirements have been reduced to as 
little as 2 or 3 hp. per well, or from a third to a half as much as wdien 
wells are pumped on the beam with individual pow-er plants. For 
California conditions, pumping heavy oil, electrically driven multiple- 
pumping plants use from 15 to 40 kw.-hr. per well per day, or 1.5 to 
2.5 kw.-hr. per barrel of fluid pumped. 

RODLESS RECIPROCATING PUMPS 

In an earlier section, it has been shown that the primary source of 
inefficiency in operating plunger pumps of ordinary pattern in deep 
wells is occasioned by stretch of the sucker rods under the influence 
of the great stress to which they are subjected. The additional load 
created in reciprocating and accelerating a long column of heavy sucker 
rods is also responsible for an important energy loss. In crooked holes, 
the rods and tubing are subjected to destructive ^vear. So great are 
these difficulties, particularly that of rod stretch, that it is scarcely 
feasible to operate rod-actuated pumps at depths as great as 8,000 ft. 
With the purpose of overcoming these inherent disadvantages of the 
rod-operated plunger pump, there have been many efforts to develop and 
apply systems of pumping in which the mechanism of the pump in the 
well is driven by other means. In the Kobe hydraulic pump, the pump 
in the well is operated by circulation of oil under pressure from a high- 
duty pump at the surface. The Reda Duplex reciprocating pump is 
operated by an electric motor that is submerged wdth the pump in the 
well fluid. Current is supplied from the surface by a three-wure electric 
circuit in an insulated armored cable. Though comparatively recent 
developments, these pumps have established themselves as thoroughly 
practical and mechanically dependable by prolonged field tests. 

The Kobe Hydraulic Pumping Equipment 

The Kobe hydraulic pumping equipment consists of three principal parts: a 
hydraulic power unit, a hydraulically actuated pump and a high-pressure hydraulic 
transmission tubing connection between the power unit and the pump.^ Figure 206 
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presents a diagrammatic sketch showing the relationship of the several parts. The 
hydraulic power unit is situated on the surface near the well-head when wells are 
individually powered or in a central position if multiple operation of several wells 
from one power unit is desired. The power unit comprises an electrically driven 
triplex pump with a suitable motor and control switch, an oil filter and a vertical 
cylindrical tank divided by a horizontal baflfle plate into two compartments. The 
lo'wer compartment receives the fluid as delivered from the well and affords a means of 
heating the oil to avoid wax deposition, whereas the upper compartment is employed 
for storage of filtered oil used as a power fluid in operating the well pump. A stand- 
pipe, above the filtered-oil compartment, maintains constant head on both compart- 
ments of the cylindrical tank. Figure 207 shows the compact appearance of the power 
unit. There are no external moving parts. 

The well pump is suspended below the fluid level in the well, on the lower end of a 
small-diameter column of tubing (Ihl-in. tubing is used in the pump), and rests 
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Fig. 208, — Diagrammatic sketch showing relationship of parts of the Kobe rodless pump. 


in a supporting shoe in the lower end of a larger string of concentric tubing (see Fig. 
208). Filtered oil under pressure, from the triplex pump of the power unit, is forced 
through the connecting tubing to the well-head and down to the pump in the well 
through the inner string of tubing. Flow of this high-pressure power fluid actuates 
the power piston of the well pump, which is direct-connected to the well-pump plunger, 
'^l^he pump plunger is double-acting, forcing oil drawn in from the well cavity up 
through the annular space between the two strings of tubing to the surface, where it is 
delivered from a side outlet of the casing head to the lower receiving compartment 
of the cylindrical tank. Spent fluid from the power cylinder of the pump is ejected 
into the annular space between the two tubing strings and flows with the well fluid to 
the surface. Only 23^^ per cent of the fluid brought to the surface is returned to the 
well to operate the pump. The remainder of the fluid produced, together with any 
gas, water and solid impurities that may be present, is drained from the lower com- 
partnieiit of the tank to gathering lines and storage facilities. 

The triplex pump is specially designed for high-pressure service and is capable of 
operating against a fluid head as great as 9,000 ft. The necessary operating pressure 
is approximately 40 per cent of the pumping head in feet. It is a self-contained unit 
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and is enclosed with the motor and drive in a weather-proof casing. Control of the 
rate of pumping is accomplished by changing the plunger size or the motor speed or 
by automatically intermitting the operation of the triplex unit. 

The filter compartment is fitted with a replaceable cartridge of filter cloth or small 
tubes. The purpose of the filter is to separate the gas, water and sand from that part 
of the fluid reaching the surface which is to be returned to the well for opevration of the 
hydraulic pump. It is not always necessary for proper operation of the hydraulic 
pump, but separation of gas, sand and water from the power fluid should be as com- 
plete as possible. Operation of the filter is continuous except for a periodic back 



(Courtesy of Kobe, Inc.) 

Fig. 207. — Surface equipment used in operating Kobe hydraulic pump. 

flushing of clean fluid through the filter to remove accumulated impurities. This is 
accomplished automatically at regular intervals by a time clock. The suction of the 
triplex pump, drawing fluid from the upper tank compartment, maintains a pressure 
differential between the two compartments, which causes oil to flow up through the 
filter. Where highly viscous or waxy oil interferes with operation of the filter, the 
filter tank is heated to a suitable temperature by a gas heater, thermostatically 
controlled. 

The Kobe hydraulic pump consists of a double-acting reciprocating plunger and 
working barrel or production cylinder direct-connected to an actuating plunger and 
cylinder of similar design (see Fig. 208). The motion of the power plunger is con- 
trolled by a pilot-operated four-way valve, operation of which is accomplished auto- 
matically. Only filtered oil under pressure from the triplex pump at the surface 
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readies the power cylinder, and all reciprocating parts of both power and production 
cylinders are continuously washed with clean oil. With reference to the diagrammatic 
sketch of the pump presented in Fig. 208, the clean power fluid enters the power 
cylinder from the Ihi-in. tubing through the four-way valve. In the ‘'down'' posi- 
tion, shown in the sketch, fluid pressure is being applied to the top of the power 
cylinder plunger, and production oil is being exhausted from the lower end of the 
production cylinder. At the end of the “down" stroke, 
the four-way valve is automatically changed to its “up" 

Pressure iubinq P<^sition and the action and flow are reversed. 

The Kobe pump is made in four sizes: 2, 2}^, 3 and 4 
in., designed, respectively, for pumping strokes of 12, 18, 
24 and 30 in. Corresponding capacities are 100, 200, 400 
and 800 bbl. per day. Operating speeds at maximum 
capacity are, respectively, 47.7, 42.4, 40.7 and 38.1 
strokes per minute. In the pump, which has 

been used more than any other, the power cylinder is 
ill* in diameter. The over-all length is 8 ft. 4 in., 
and the outside diameter is 2Jd6 iii* The maximum 
operating pressure for which the equipment is designed is 
4,000 lb. per square inch. This pump attains a high 
degree of efficiency. That of the surface equipment 
ranges from 74 to 79 per cent. Volumetric efficiency of 
the pump varies from 82 to 99 per cent. Over-all effi- 
ciencies range from 57 to 68 per cent. The 2J^-in. pump 
operates with a power input ranging from 1 kw. for a 
2,000-ft. well to 5?^ kw. for a 7,200-ft. well. Operating 
costs range from 2?^ to 434 cts. per barrel of oil 
produced. 

Up to the time of writing, the Kobe pump has been 
employed in field tests over a period of more than four 
years, in wells ranging from 2,000 to 8,000 ft. deep. 
Production carrying considerable sand, water, gas and 
wax-forming constituents has been successfully handled. 
Wells too crooked to be pumped by other mechanical 
methods are included among those in which the pump 
has been used. As a result of this experience, it may 
be said that this type of pump is adaptable to large or 
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tion^through production, deep or shallow wells and oil of any 

pump. gravity. Capacity and efficiency of the subsurface unit 

are practically independent of depth, and the operation 
of the unit is not affected by the crookedness of the well. Pump loads are continu- 
ously indicated, and the displacement is positive and adjustable over a wide range. 
Lower costs of operation and a better knowledge of well conditions are realized 
through use of the Kobe pump. 


The Reha Multistage Centrifugal Pump 

The centrifugal type of pump has been successfully adapted to lifting oil from 
wells in equipment manufactured by the Reda Pump Co. of Bartlesville, Okla.* The 

* Btueve, W. H., Large-volume Oil-well Pumping with Electric Power, Petroleum 
Eng., June, 1934, p. 44. 
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Reda centrifugal pump is manufactured in several sizes, the smallest being designed 
for wells equipped with dj^^-in. casing. It is remarkable for its large capacity, being 
capable of lifting 700 to 5,000 bbl. per day from depths as great as 6,500 ft. It con- 
sists of three parts: an electric motor, a “protector chamber’’ and the pump unit, 
connected in the order named with the motor at the bottom. All parts are encased 
in seamless steel tubing with w’ater-tight flanged joints. Units of 97 hp. used in the 



Fig. 209. — Illustrating arrangement of parts of the Reda multistage centrifugal pump. 

Oklahoma City field, Okla., for lifting oil from a depth of about 6,000 ft. are 55 ft. 
long and have a maximum diameter of 5% in. The motor unit is about 21 ft. long, 
and the pump unit about 20 ft. long. The entire assembly is suspended in the well 
on tubing through which the fluid rises to the surface, and electric current is trans- 
mitted from the surface down through the 'well to the pump motor by a three-conductor 
armored cable clamped at intervals to the outside of the discharge tubing. Electrical 
equipment near the well-head at the surface consists of an oil switch, an indicating 
ammeter, recording ammeter and overload relaj’^s. A reel is provided for spooling 
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the armored cable at such times as it is necessary to remove the pump and tubing 
to the surface for repairs (see Fig. 209). 

The motor is a two-pole three-phase squirrel-cage induction motor of special design, 
operating on 60-cycle 880-volt current (750 volts at the motor) and developing a speed 
of 3,500 r.p.m. The pump unit may be equipped with a variable number of propellers 
arranged in series, the number employed depending upon the depth from which it is 
designed to operate. For the 6,000-ft. lift, described above, 133 stages are required. 
Fluid from the well passes through a screened port at the level of the lowest propeller 
to the next in series, pressure being increased with each stage until the fluid emerges 
from the uppermost propeller under pressure sufiicient to lift it to the surface. A 
check valve is placed in the tubing just above the pump discharge. 

Over-all efficiency of the pump and motor ranges from 33 to 55 per cent. Power 
consumption, of course, increases with the depth from which the fluid is lifted but 
averages about 0.3 kw.-hr. per 1,000-ft. barrel of fluid lifted. Equipment cost per 
well in the Oklahoma City field has been about $10,000, and lifting cost, including 
power, repairs and amortization, has averaged 7.1 cts. per barrel. 

The advantages of this type of pump, in addition to its large capacity, include a 
complete absence of moving parts at the surface and within the well, all moving parts 
being contained within the pump casing. Because of this, it is well adapted to use in 
crooked holes. From the cost standpoint, where a well produces sufficient fluid to 
justify a large-capacity lifting mechanism, it may be cheaper than gas lift, from both 
the first cost and operating standpoint. It can be quickly removed from one well and 
installed in another at small cost. It satisfactorily handles a large volume of water 
with the oil, without tendency to form abnormal amounts of refractory emulsion, and 
it is capable of handling moderate amounts of suspended solids in the well fluid without 
difficulty. 

The Reda Duplex Reciprocating Pump 

For handling smaller volumes of fluid from wells of any depth, the Reda Pump Co. 
also manufactures an electrically driven reciprocating pump. This equipment is 
manufactured in two sizes, one for use in wells equipped with 6-in. casing, or larger, 
and the other requiring a casing at least 8 in. in diameter. This pump utilizes a motor 
of design similar to that used in the Reda centrifugal pump but of smaller size, ranging 
from 5 to 30 hp. A power head,^' comprising a double-reduction gear, translates 
the rotating motion of the motor to the reciprocating movement of the pump plunger 
and affords the necessary speed reduction. Available gear ratios provide either 150 
or 200 strokes per minute. The smaller size of pump is equipped with duplex working 
barrels of 1 to 1^ in. size, wdiereas the larger size is designed for working barrels as 
large as 2% in. Daily capacities range from 100 to upwards of 1,400 bbl., diminishing 
as the depth from which the fluid is lifted increases. When oil is lifted from a depth 
of 3,000 ft. in the East Texas field, poww consumption with this type of pump is 

0.55 kw.-hr. per barrel. Over-all efficiencies range from 40 to 70 per cent. 
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CHAPTEE V 


MANAGEMENT OF WELLS TO SECURE MAXIMUM RECOVERY 

In exploitation of an oil-producing property, attainment of reasonably 
efficient recovery requires careful attention to the details of well operation 
and equipment maintenance. Wells must be kept free of sand, shale, 
inorganic salts and wax accumulations. Measures must be taken to 
control sand incursion. If water enters with the oil from the productive 
formation, appropriate conditions within the well must be maintained 
to minimize formation of emulsions. The rate at which the oil and gas 
are produced and the pressure control exercised must be determined by 
reservoir conditions and proximity of edge waters and gas caps. Condi- 
tions within and immediately about the well must be such as will offer 
minimum resistance to entrance of fluids from the reservoir rock. When 
reservoir pressures are high and wells are free flowing, the methods of well 
control used will necessarily differ from those employed when formation 
pressures are low and the wells must be pumped. Competitive con- 
siderations may dictate a certain program of exploitation differing mark- 
edly from the system that would be preferred where land is owned in 
large tracts or wffiere entire pools may be operated as units. The pres- 
ent chapter will be devoted to a review of field practices and methods 
employed, having as their purpose the improvement of recovery effi- 
ciency and the reduction of production costs. 

WELL ACCUMULATIONS: METHODS OF REMOVING THEM AND 
MINIMIZING THEIR FORMATION 

In an earlier chapter (see page 51), it has been demonstrated that 
the greater part of the energy consumed in moving oil and gas from the 
reservoir rock into w^ells is expended in forcing the fluids through the 
pores of the reservoir rock immediately about the walls of the wells. 
The resistance offered to flow becomes still more effective if the pores 
of the reservoir rock are permitted to become clogged with fine particles 
of ^ffioat^’ sand, with precipitated mineral matter or with solid hydro- 
carbons, which may be formed by chilling, evaporation or oxidation of 
the oil. The detrimental effect of these substances is not confined to the 
walls of the well, for, by continued accumulation within the well or 
within the casing or tubing through which the fluids are discharged, 
they may greatly increase the energy necessary to force oil and gas into 
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the free space within the well and to the surface. The efficiency of oil 
recovery and the ultimate extraction that may be realized from an oil 
pool by operation of the natural expulsive forces at work are dependent 
to an important degree upon the extent to which such accumulations 
can be removed or prevented. 

Sand Control in Well Operation 

Productive reservoir rocks are occasionally unconsolidated sands, 
almost devoid of secondary cementing material, so that the entire sand 
body is free to cave or flow into the wells with the oil. More frequently, 
the oil-bearing strata are partially but not thoroughly cemented, so 
that they are partially disintegrated by the oil and gas flowing through 
them. In many cases, though the rock structure is sufficiently rigid to 
maintain its original form, small particles of sand become detached from 
the main mass by the erosional effect of the flowing oil and gas and will 
be carried by them through the pores of the coarser grains into the wells. 
Sand particles, so detached from the reservoir rock, will tend to accumu- 
late in the wells and, unless removed by the equipment employed in 
lifting the oil, may, in time, greatly impede flow of oil and gas. An oil- 
bearing sand stratum never yields its full quota of petroleum when com- 
pelled to produce through a body of accumulated sand, which may 
partially or even completely fill the space within the well where it passes 
through the productive formation. 

Often the productive formation consists of a series of alternating 
beds of shale and sand, the shale members being practically impermeable. 
If the sand strata are unconsolidated, they will be disintegrated in the 
vicinity of the wells where flow velocities are highest, the sand grains 
being swept by flowing gas and oil into the wells. Voids so formed 
in the productive sands may permit the interstratified shale beds to 
cave against the screen pipe or perforated “oil string, effectively sealing 
off the well from the oil-yielding strata.^^ Figure 210 illustrates this 
condition. 

Natural Formation of Coarse Sand and Pebble “Screens” about 
Weils, — Frequently, wells are equipped with screen pipe having aper- 
tures small enough to restrain the coarser sand, but large enough to 
permit the finer “float” sand to pass through. If the screens are not 
cut out by the flowing sand-laden oil, the reservoir rock immediately 
about the well is soon drained of its finer grained loose material, leaving 
a residual body of relatively coarse-grained sand and pebbles resting 
against the screen pipe. Coarse-grained particles, thus excluded from 
the well, bridge on each other, their relatively large pore spaces offering 
less resistance to flow of fluids than the original rock. The carrying 
capacity of the fluids, passing through the reservoir rock, increases with 
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their flow velocity; consequently, near the walls of the well, where flow 
velocity is relatively high, the reservoir rock is swept comparatively 


{From a paper by the author in National Petroleum News.) 

Fig. 210. — Sketch illustrating isolation of an oil sand from a well as a result of caving of 
over-lying shale induced by extraction of sand. 

free of fine material, whereas further back in the formation, where the. 
moving fluids have lower velocity and carrying power, the interstices 



{From a paper by the author in National Petroleum News.) 

Fig. 211. — Sketch illustrating formation of a body of coarse sand particles against a well 
screen as a result of extraction of finer sand in the vicinity of the well. 

of the coarse-grained sands will be left clogged with finer material (see 
Fig. 211). 
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It"is apparent that this natural tendency toward formation of a body 
of residual, coarse-grained and relatively porous material about the wells 
is a very desirable condition that should be fostered by all available 
means. Reduction of pore resistance in the high-velocity zone immedi- 
ately about the well will permit of oil and gas entering the well with 
smaller pressure loss than would otherwise be possible. Energy, thus 
conserved, will result in greater ultimate recovery and a greater effective 
drainage radius for the wells. 

If fine sand particles are moving with the oil and gas toward a well 
through the reservoir rock, it is important that they be permitted to 
enter the well, otherwise they will accumulate in, and eventually clog, 
the pore spaces of the reservoir rock about the well. Use of screen pipe 
to prevent unconsolidated sand from caving into a well is generally 
desirable; but, when an effort is made to hold back the finer ^'floaU^ 
sands that naturally move through the coarser grained material compris- 
ing the main body of the reservoir rock, we encourage formation of an 
impervious barrier of closely packed material that greatly impedes 
and may, in time, completely prevent flow of oil into the well. Screens 
are preferably of a size that will permit the finer material to enter the 
well, restraining only the coarser particles, thus tending to form a natural 
screen about the wall of the well. 

Some authorities believe that it is a mistake to curb influx of sand 
in any degree and that a higher ultimate recovery of oil is secured by 
encouraging rather than restricting sand movement. This theory was 
expressed by Kobbe* who based his belief on results obtained in certain 
California fields where unconsolidated sands have been particularly 
troublesome. More recently, Suman^^ has given support to the theory, 
his experience being based on both California and Gulf-Coast practice. 
In early development of the Rumanian fields, according to Thompson,! 
it was a recognized principle that movement of sand into the well with 
the oil must not be restrained, especially during the early life of the wells 
when gas pressure is high. 

It is logical to expect that extraction of material that otherwise 
restricts production will lead to greater ultimate recovery. Removal 
of the sands immediately about the well tends toward formation of well 
cavities, which are beneficial in stimulating recovery of oil. There is 
danger, however, in carrying such a policy too far, for unless the walls 
of the cavity can be supported in some way — as by introduction of gravel 
at a certain stage — extensive caving may result, leading, perhaps in 

* Kobbe, W. H., Problems Connected with the Recovery of Oil from Uncon- 
solidated Sands, Trans,, Am. Inst. Mining Met. Eng., vol. 56, pp. 799-830, 1917. 

t See discussion by A. B. Thompson, of paper by the author, reference 37 at end 
of Chap. I. 
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time, to caving of the cap rock and consequent admission of water from 
overlying formations. Crooked and collapsed liners, so badly bent and 
deformed that they can scarcely be withdrawn from the wells, offer 
additional evidence of the danger attending formation of extensive 
unsupported cavities. In some cases, the lower portions of wells have 
had to be completely redrilled and equipped as a result of caving of the 
productive formation against the liners. 

Types of Pekforateb and Screen Pipe Used in Sand Control 

Types of perforated and screen pipe used in sand control and methods 
of placing them in wells have been described in vol. I of this work (see 
“Oil Field Development,^’ pages 408 to 417). Perforations in the casing, 
where it passes through the oil sand, may be formed in the well after 
placement, by a knife perforator or with the aid of a gun perforator. 
If the proper position for the perforations is known before the oil string 
is started into the well or if the pipe can be withdrawn to the surface 
without danger of caving of the walls, either “shop-perforated” or 
slotted pipe may be used. Knife perforators are somewhat uncertain 
in their operation and often damage the pipe. They are now seldom 
used. The gun perforator, on the other hand, is positive in action 
and provides clean-cut perforations that leave the casing in good condi- 
tion. This device is now widely used, particulary in “plugging back” 
and preparing wells for production from upper formations penetrated 
and “blanked off” in searching for lower producing horizons; also in 
reopening upper formations after plugging off lower water-bearing beds. 
In rotary-drilled wells, where the oil string is made up and inserted after 
the producing formations have been penetrated and their exact depth 
and thickness are known, shop-perforated and slotted pipes are com- 
monly used. Unconsolidated sands will pass freely through the holes of 
shop-perforated pipe, it being necessary to supply some type of screen 
over or within the perforations if it is desired to exclude fine sand. 
Screens are of two types: wire-wound and “button screen.” Slotted 
pipe more successfully resists sand incursion than shop-perforated pipe, 
being almost as effective in this respect as screen pipe, if slot openings of 
suitable width are used. 

Shop-perforated pipe is prepared by boring round holes through the walls of 
ordinary standard weights and sizes of casing. The size of holes used will depend 
upon the character of the reservoir sand, but range from ViQ to 1^- in diameter. 
They are arranged in rows paralleling the axis of the pipe and equally spaced about the 
circumference. The holes in alternate rows are preferably staggered’^ in order to 
avoid creating lines of weakness that may result in parting of the pipe. The spacing 
of holes in individual rows will depend upon the size of hole used, the diameter of the 
pipe and the productivity of the well. The number of holes per linear foot ranges 
from as little as 8 to as many as 380, As compared with screen or slotted pipe, shop- 
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perforated pipe affords a better distribution of perforations, presents a smaller area of 
blank pipe to the reservoir rock and remains open and effecthm for a longer period of 
time. It also presents a smaller surface to sand abrasion. Furthermore, it is cheaper. 
Because of these advantages, screen and slotted pipes are used only where the charac- 
ter of the sand makes their use necessary. 

Slotted pipe provides a very satisfactory screening effect for ail but the finest 
grained sands. The slots may be cut either parallel with or at right angles to the axis 
of the pipe and may be either mechanically milled, punched or cut with the oxyacety- 
lene torch. Maximum strength and percentage of screen opening is attained with 
longitudinal slots. With some methods of manufacture, the slots are somewhat 
wider on the inside of the pipe than on the outside. Undercut slots are a desirable 
feature because they clog less readily than slots of uniform width. The number, 
spacing and arrangement of slots depends upon the size of the pipe, the method of 



(Courtesy of Kobe, Inc.) 

Fig. 212. — ^Slotted pipe. 


manufacture and the character and productivity of the reservoir rock. The number 
of rows of slots will vary with the diameter of the pipe from 6 to 14. The width of 
the slot is proportioned to the size of sand grains composing the reservoir rock. The 
Kobe slotted pipe (see Fig. 212), a popular variety manufactured by precision 
methods, in which longitudinal slots are cut with oxyacetylene torches, is available 
with openings of any width ranging from 60 to 250 thousandths of an inch and of any 
desired length and disposition about the circumference of the pipe. The slots are 
usually from 1 to 3 in. long and are spaced on 5- or 6-in. centers. The edges of the 
slots ai'e casehardened by the heat treatment involved in cutting and, thus, better 
resist the scouring action of fine sand than openings cut by other methods. It is 
claimed that slotted pipe prepared in this way is 95 per cent as strong as blank pipe 
in bending tests. Much of the screen pipe used in the California oil fields is of this 
type. 

Wire-wrapped Screen Pipe.— In the manufacture of this style of screen pipe, 
round holes to in. in diameter are first bored at regular intervals through the 
w^alls as in ordinary shop-perforated pipe. The pipe is then externally wrapped with 
wire, the coils being arranged in the form of a spiral and leaving a space of prescribed 
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width between coils. The wire is preferably of special form, such as triangular or 
T shaped rather than round. Figure 213 displays four widely known types of wire- 
wrapped screens. The space between wires varies from 50 to 200 thousandths of an 
inch, depending upon the sizes of grains that comprise the bulk of the reservoir sand. 
Wire-wrapped screens are especially effective in restraining very fine sands. A large 
percentage of their surficial area is open for admission of oil to the casing, and the 
screen openings are well distributed. Such screens offer little resistance to flow of 
fluid through them. However, they are structurally weak and liable to damage in 


ABC D 

Fig. 213, — Types of wire- wrapped screen pipe. 

A, McEvoy preformed well strainer and enlarged section of wire wrapping showing saw’-tooth profile 
presented to the wall of the well; B, Layne & Bowler “Keystone” screen pipe; C, Stancliff screen pipe; 
D, Emsco wire-wrapped screen pipe wdth section of wire wrapping, showing internal spiral channels 
affording fluids ready access to slots in wall of pipe, 

handling. The wire coils are likely to be displaced during insertion of the pipe into 
the well, particularly if the hole is crooked. It is also difficult to remove screen pipe 
of this type from the well after it has been set without destroying the wnre wrapping. 
In spite of its weak points, wire-wrapped screen is widely used in oil wells for sand 
exclusion, particularly in the Gulf-Coast region of the United States. 

Button screen pipe is prepared by screwing or peening metal disks, each containing 
several slot openings, into the round holes of shop-perforated pipe. The “ buttons 
are usually of cast brass, % to 1 in. in diameter, with the slots formed in them during 
the process of casting (see Fig. 214). If the buttons are as thick as the pipe, the slots 
should be somewhat wider on the inside than on the outside in order that sand grains 
small enough to pass the narrowest aperture may pass on through. Button screen 
pipe has an advantage over wire-wrapped screen pipe in that there are no projections 



Fig. 214 a, B and C. — McEvoy wireless well strainer. 

A, showing appearance of screen pipe with “buttons” inserted; B, 
illustrating different widths of screen openings available; C, sectional 
view, showing method of mounting “buttons” in wall of pipe. 
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beyond the outside circumference of the pipe and, hence, less chance of damage or 
disarrangement of parts during placement in the well. This is particularly important 
in a tight or crooked hole. It may also be more readily withdrawn to the surface if 
subsequently necessary. However, button-screen pipe has a smaller percentage of 
screen opening than wire-wrapped pipe. 


Determination of Size of Screen Opening. — The ability of a screen to 
restrain influx of sand will depend upon the size of screen opening and 
rate of flow of fluids. The latter variable, of course, is a function of the 
differential pressure between the reservoir rock and the well. Experi- 
ments with low rates of flow of oil through slot openings have indicated 
that if the slot width exceeds about two and one-haif times the diameter 
of the sand grains, they will pass through; otherwise, they will bridge 
over the slot opening. Usually the oil sand consists of grains of assorted 
sizes. For a time, the finer grains will filter through the screens, but 
eventually the coarser particles accumulate about the exterior of the 
screen openings and act as screens for smaller grains.'^ One authority 
states that if the screen openings are not larger than the minimum grain 
size of the coarsest 15 per cent of the sand, the coarser grains will bridge 
over the screen opening and form a sand filter, even though there is a 
high rate of flow of oil and gas through the screens. Sand moving 
with oil and gas through the screen openings has a destructive scouring 
effect, tending to abrade the exposed metallic edges and thus enlarge 
them. In time, large holes may be cut in the screen pipe, so that it 
fails to serve its intended purpose. 

Gravel Screens. — In a previous section, it has been explained how 
natural coarse-sand filters may be formed by allowing fine material to 
pass through the screens, restraining only the coarser mineral fragments. 
This highly desirable condition can be created artificially and a more 
efficient drainage effect secured by forming a cavity about a well where 
it passes through the reservoir rock and surrounding its perforated pipe 
with a body of gravel. The gravel serves the triple function of restraining 
sand incursion, preventing caving of the walls of the well cavity and 
reducing resistance offered to flow of fluid into the well. All the advan- 
tages of an open well cavity can thus be realized in unconsolidated reser- 
voir rocks. For this purpose, so-called 'M3ird’s-eye’^ size of gravel, 
ranging from 3 to 6 mesh (Tyler screen series), is appropriate for average 
oil sands. If the gravel particles are coarser than this, sand may pass 
through their pore spaces. Laboratory tests have indicated that the 
gravel envelope” should be at least 3 in. thick; one authority suggests 
at least 8 in. Pore spaces within the gravel filling are so large as to offer 

^ Care, E. A., Experiments with Screen Pipes, Am. Petroleum Inst., ProL Eng. 
BuU,, voL 10, No. 2, Jan. 3, 1929, pp. 90“93. 
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practically no resistance to oil flow, yet are small enough to restrain 
further influx of sand from the reservoir rock. 

For many years, gravel envelopes^’ have been used about water 
wells, but as yet this method of screening has found but limited applica- 
tion in the oil fields. In some instances, as much as 200 cii. yd. of gravel 
have been placed in well cavities about perforated pipes within water- 
3 n.elding sands, with remarkable success in increasing the rate of yield 
and in preventing sand incursion. In shallow wells, the gravel may be 
worked down around the casing from the surface, but in deep holes it 
must be pumped down through the tubing in a circulating stream of oil, 
mud fluid or water which returns to the surface through the annular 
space between the tubing and the casing. 

Gravel “packing^’ of wells in certain California fields deriving their 
production from unconsolidated formations has been found highly profit- 
able, resulting in a larger rate of production with less interruption in 
production routine for well and equipment maintenance. The method 
has been applied both to old and newly finished wells with equal success. 
Customary practice, up to the time of writing, has been to ream mechani- 
cally the well through the full thickness of the reservoir rock to a diameter 
of 16 to 18 in., run a screen liner about 6 in. in diameter almost to bottom 
and then circulate the gravel into the space between the liner and the 
wall of the well under pump pressure. Both ^MirecC^ and reverse’’ 
circulation methods have been used. Mud fluid has been employed as 
the circulating medium, but research conducted under the supervision 
of the author has indicated that oil would be preferable. The hydraulic 
method of reaming might be found cheaper and capable of developing 
a larger diameter well cavity under favorable conditions. Figure 215 is 
illustrative of the method and equipment employed by the Texas Com- 
pany, which has pioneered in the development of this art. C. J. Coberly® 
has suggested a method of placing the gravel in which it is first mixed 
with a heavy oil and the mixture pumped down through tubing into the 
well cavity. 

Methods op Removing Detrital Accumulations within the Oil 

String 

The methods that may be employed in removing sand and shale 
accumulations from wells will depend upon their nature and location 
and the equipment of the well. If the accumulation is inside the well 
casing of a pumping well, it is only necessary to withdraw the rods, 
pump and tubing and apply the bailer. Where the detrital material 
has become well compacted in the bottom of the hole, a sand pump or the 
Gavins bailer, which develops a powerful suction effect, may be used to 
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advantage (see Fig. 216). Under exceptional circumstancesj it may be 
necessary to dislodge the accumulated material with drilling tools. 

Circulating and Jetting with Oil. — When tubing has been hung high 
in a flowing, gas lift or pumping well and detrital material has accumu- 
lated in the bottom, it may be removed to the surface by lowering the 



{After T. P. Sanders, Oil Gas Jour.) 

Fig. 215.— Sketch illustrating method of gravel-packing wells by reverse circulation. 

tubing until the lower end is just above the top of the accumulated 
material and then circulating oil down through the tubing and back to 
the suriace through the annular space between the tubing and the casing. 
The jetting action of the circulating fluid excavates sand and shale and 
suspends them in the fluid so that they can be carried to the surface. 
Gradually, as the detrital material is removed, the tubing is lowered 
until bottom is reached. 
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In the cavse of pumping wells where no gas anchor is used, it is neces- 
sary only to lift the sucker rods a few feet so that the standing valve is 
free of its seat. The circulating fluid may then be forced down through 
the well tubing and working barrel. A nozzle or reducing 
nipple may be permanently attached to a short piece of tubing 
' I below the shoe of the 'working barrel to provide a better jetting 
action. Instead of attempting to circulate back to the surface 
‘LI* through the annular space, which would impose considerable 
back pressure against the productive formation, we may 
be content with merely pumping 25 to 100 bbl, of oil down 
through the tubing to churn the detrital material into sus- 
pension, then quickly lowering the standing valve of the pump 
into working position and pumping the sand-laden fluid to the 
surface through the tubing. If the fluid in the bottom is 
heavily laden with solids, it is preferable to raise the pump 
for a short distance above bottom to prevent it from becoming 
clogged with sand. Highly viscous oil is 
preferable for this purpose as sand settles 
less rapidly through such oil. 

Cleaning Out with Compressed Air. — 
Compressed air or gas may be used as a 
means of removing accumulated sand and 
shale from within the well casing. Port- 
able compressors, receivers and well- 
pulling equipment are brought to the well 
and the receivers charged with high-pres- 
sure air or gas. The rods and working 
parts of the pump are removed from the 
well, and the compressed air or gas is per- 
mitted to flow rapidly down through the 
tubing, together with a small amount of 
water or oil. The tubing is then slowly 
lowered into the accumulated detrital 
material, and the latter is lifted to the 
surface by the rapidly expanding gas, 
through the annular space between the 
tubing and casing. Shale cavings, loose 
sand, rocks, paraffin and other loose 
material can be blown out of the well by this method in a surprisingly 
short time and more completely than they can be removed with the 
drilling tools and sand pump. 

In this process, air or gas pressures ranging from 150 to 500 lb. per 
square inch must be developed and maintained in the storage receivers, 
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Fig. 216. — The Gavins bailer, useful 
in clean-out work. 

A,. Sectional view, showing internal 
mechanism; B, sketches illustrating 
operation of bailer. 
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the pressure used depending somewhat upon the depth of the wells. 
Where the compressor capacity is insufficient to maintain the pressure, 
the process may be applied repeatedly, with brief interruptions of flow, 
while the pressure is being restored in the surface receivers. Shallow 
wells in the Dewey-Bartlesville district of northern Oklahoma have 
been cleaned by this process, in three days or less, at an average cost of 
$237.50, whereas the usual cost of cleaning out with cable tools in the 
same field is said to be about $1,000 per well, with loss of several weeks 
in “shut-down^’ time. 

Recirculating Oil. — Accumulation of sand within a well often results 
where more sand enters through the screens or perforations than the 
accompanying oil is able to retain in suspension. In such a case, if the 
pump in use can handle the additional oil, a part of the production may 
be continually returned to the well through the space between the tubing 
and the casing. Additional oil, thus supplied, is often sufficient to keep 
the sand in suspension so that it may be removed by the pump. 

The carrying capacity of oil for sand increases with its viscosity, 
and viscosity can be controlled to some extent by varying the tempera- 
ture. Hot oil may be circulated through the well'*' with the piirpose of 
transmitting heat out into the productive sands, reducing the viscosity 
of the oil in the vicinity of the well and thus minimizing the anioimt of 
sand that the oil may carry into the well. Incidentally, reduction of 
oil viscosity within the critical region of high velocity about the well 
will reduce the sand resistance to flow and bring about an increase in 
the rate of production, as well as increased ultimate recovery (see page 
48). 

Methods of Removing Accumulations op Detrital Material 
Outside of the Oil String 

When detrital accumulations are lodged outside the oil string or 
liner or within the screens and perforations, other methods must be 
employed to remove them. Thorough swabbing will often draw much 
of the accumulated material into the well so that it can be removed by 
one or another of the methods described in the foregoing paragraphs. 
If the condition of the walls of the w-ell permit, the liner or oil string can 
be removed to the surface so that the perforations and screens may be 
thoroughly cleaned. Loose sand and shale fall to the bottom of the 
well and can be cleaned out before the casing is replaced. Often, how- 
ever, the pipe will be so firmly ^Trozen’’ to the walls of the well that it 
cannot be removed without damage. In such case, resort may be had 

* Knox, W. J., Cleaning Oil Wells by Heated Oil, Petroleum Development and 
Technology, 1925,'' pp. 174-178, Am. Inst, Mining Met. Eng. 
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to processes of flooding, jetting and washing thioiigh the peif orations 
from within the well casing. 

Flooding with Oil— In the ^'flooding process/’ crude petroleum is 
run into the oil string, either at the casing head or through tubing, until 
sufficient fluid pressure is developed against the inside of the screens and 
perforations to cause the fluid to break through against the formation 
pressure. Momentary reversal of the direction of flow through the 
perforations will dislodge much of the material packed against the 
outside of the pipe. If the productive formation is highly permeable 
and is under low pressure, a sustained flow of oil from the well, through 
the perforations and into the productive formation, may be established. 

A common method of flooding involves lifting the standing valve 
and plunger from the working barrel of the pump, thus allowing the oil 
in the tubing to run back into the well. If a packer is placed between 
the tubing and oil string above the perforated pipe, additional oil may 
be pumped down from the surface and pump pressure brought to bear 
against the inside of the perforated pipe. Pumping is promptly resumed 
after flooding, in order that such sand and silt as may be churned into 
suspension in the oil will be removed before it has time to settle out. 

Though widely used, it is thought that this method of removing 
detrital accumulations will not ordinarily be so effective as the washing 
and jetting methods described in following sections. However, the 
flooding method is comparatively inexpensive and simple in application. 
The time required to flood a well is less than an hour. If additional 
oil is pumped into the well at the surface, 50 bbl. of fluid will ordinarily 
be sufficient and this is promptly recovered when pumping is resumed. 

The effect of periodical flooding of wells on the rate of production is 
quite marked. A typical case is one in a California field in which two 
rows of 14 wells each along a property line were operated, in one case 
with periodical flooding and in the other without flooding. . The wells 
regularly flooded produced an average of 34 bbl. per day, whereas those 
not flooded averaged only 9 bbl. The additional cost of production 
due to flooding expense is slight. 

Pressure Washing with Oil.— A somewhat more effective and positive 
method of cleaning well screens and perforations than the flooding 
process, described above, involves washing with a jet of oil directed 
against them from wdthin the casing. The method is applied either 
with the aid of a special foot piece that is attached to the lower end of the 
tubing, below the foot piece of the pump, or with a washing nipple 
placed between a pair of swabs suspended on the tubing. Oil forced 
down through the tubing under pump pressure issues through the 
\¥ashing tool as a jet and is applied directly against the pipe screens and 
perforations, dislodging the detrital material lodged with them and 
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disrupting the blanket^’ of loose material accumulated around the 
outside. The tubing on which the washing tool is suspended within the 
perforated pipe is raised, lowered and turned until the jet is brought 
directly against all parts of the perforated pipe. 

Figure 217“d illustrates a type of washing tool used as a permanent 
part of the plunger-pump assembly. The jet-washing tool is screwed 
to the extension shoe of the pump and provided at its ioAver end with a 
swaged nipple supporting a second plunger-pump extension shoe, some- 


% 

P 

1 barrel 

Tubing 

B collar 

i 

Guiberson r 

swabs L 

1 exi-ensior. 

1 shoe 

. 4 - UeF washing 
nipple 

'•■^Garbuii 
, rod 

Perforated ^ f 
nipple — 

pf IL 

Screen p * | 

" I 

^-‘Collar 

i 

Swaged 

nipple 

2- slanding 

} valve 

•^''^Z^exienslon 

shoe 

Extension 
shoe and 
standing vahe'^" ■» 
with long 
gar butt rod 


A B 

(From a paper by the author in National Petroleum News.) 

Fig. 217. — Arrangement of equipment for washing perforations in screen pipe. A, 
washer designed for use as a permanent part of the pump assembly; B, pressure type of 
washer, using Guiberson swabs. 


what smaller than that of the pump above. Ordinarily, the lower 
extension shoe is not equipped with a standing valve, the entire assembly 
below the pump functioning as a gas anchor. When it is desired to 
flush the perforations, the sucker rods and standing valve of the pump 
are first withdrawn. The rods are then again run in with a standing 
valve designed to fit the extension shoe below the w^ashiiig nipple. This 
valve, being of smaller size than that of the pump, passes freely through 
the upper shoe. The tubing is then lowered until the wnrshing nipple 
is opposite the lowest perforations, and oil is pumped dowm through the 
tubing from the surface. Washing continues, as the tubing is turned and 
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slowly raised, until the washing nipple has reached the level of the upper- 
most perforations.^^ 

Figure 2175 illustrates another type of perforation washer, which 
requires removal of the sucker rods, tubing and pump and reinsertion 
of the tubing with the washing tool attached at its lower end between 
two packers or swabs. This form of perforation washer is designed to 
isolate a short section of the perforated pipe so that pressure may be 
applied against it from within, providing positive fluid pressure in addi- 
tion to jetting action in case the jet is not successful in dislodging the 
detrital material. Circulation may thus be established through all 
sections of the perforated pipe. Certain more elaborate washing devices 
of this type are equipped with valves designed to permit rapid insertion 
or withdrawal from the well or of releasing fluid from within the tubing 
when it is impossible to force an outlet through the perforations. Another 
still more elaborate washing tool embodies a small turbine, rotated by 
the circulating fluid, that operates a jarring or rapping mechanism 
designed to aid in loosening silt accumulations behind the pipe. 

This method of washing requires less oil than is necessary in flooding, 
25 bbl. being sufficient to wash 300 ft. of perforated pipe in a 1,000-ft. 
well. The entire operation consumes less than 8 hr. The oil may be 
preheated if desired, and other fluids such as water, distillate and gasoline 
may be used if conditions justify. Costs vary from $5 to $100 per well 
washed. Individual well productions have been increased by several 
hundred per cent in some instances through application of the pressure- 
washing process. 

Causes of Formation and Methods op Removal of Solid 
Hydrocarbon Accumulations in Wells 

In production of certain types of oils, recovery is impeded by forma- 
tion of waxy residues that tend to clog the pores of the reservoir rock, 
well-casing perforations and screens and tubing through which the oil 
flows or is pumped to the surface. This material, commonly referred 
to as ^^paraffln,’^ varies in consistency from that of vaseline to that of the 
hard natural wax, ozocerite. Studies have shown that its melting point 
is generally somewhat higher than that of commercial paraffin, and it is 
ordinarily less soluble in the usual solvents for hydrocarbon products. 
It is often contaminated with small amounts of water, oil and inorganic 
silt, sometimes in emulsified form. The inorganic material may consist 
of fine sand, clay, shale or precipitated inorganic salts. 

Paraffin accumulation in wells may result from any one of a variety 
of causes. The chilling effect on the oil resulting from rapid expansion 
of the associated gas in the immediate vicinity of the well is thought to 
be a common cause of paraffin deposition. Wax separates from some 
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crudes at temperatures but little below the normal temperature of the 
reservoir rocks in which they are stored. In some Texas Panhandle 
fields, for example, the oil produced has a normal temperature in the 
reservoir rock of 85°F., and at 60°F. crystallization of solid paraffin 
almost congeals the oil. Reduction in pressure also reduces solubility 
of the solid hydrocarbons in the liquid forms, and rapid loss in pressure, 
as the oil approaches the wall of the well through the pores of the reser- 
voir rock, wiir cause wax deposition. 

If water is present in petroleum in the reservoir rock or in the well, 
conditions that tend to cause emulsification -will also promote wax 
deposition and accumulation. Suspended particles of inorganic silt 
apparently serve as nuclei about which the oil and water emulsify 
to form waxy deposits. These silts are often composed of precipitated 
minerals derived from salts dissolved in ground water associated with 
the oil. 

Evaporation of the lighter constituents of the oil by natural gas is 
another common cause of paraffin deposition. Gas vaporizing from the 
oil or rising in the form of bubbles through accumulated oil in the well, 
often with considerable agitation of the fluid, thus removes the lighter 
fractions, leaving behind the heavier oil residues. The oil eventually 
becomes supersaturated with dissolved wax-forming hydrocarbons, 
and paraffin crystallizes out. If the oil is not maintained at a constant 
level in the well, alternate wetting and dr 3 dng of the walls, as the fluid 
periodically rises and fails, will result in gradual wax accumulation. 
The result is comparable with that which would be obtained by repeatedly 
painting the walls of the well with molten paraffin. 

Deposition of wax is most serious in the older partially depleted fields 
where the gas pressure is no longer sufficient to keep open the pores of the 
productive sand about the walls of the wells. The wall rocks become 
progressively more and more impervious by deposition of wax within 
their pore spaces, until the wells become practically sealed off from the 
producing strata. The evidence indicates that, in extreme cases, 
paraffin accumulations may extend through the reservoir ' rock for 
distances of several feet from the walls of the wells. 

Many references are found in petroleum technology indicating the 
serious and widespread difficulty resulting from paraffin deposition in oil 
and gas wells. In the Slick oil field. Creek County, Oklahoma, some 
wells require cleaning every week. Difficulty is also experienced as a 
result of paraffin accumulation in the Cushing field of Oklahoma. In 
the 'Graham field of Oklahoma, an occurrence is cited in which paraffin 
completely filled several hundred feet of tubing in a pumping well, 
and from another well many hundreds of pounds of paraffin was extracted, 
the fragments in some cases being of the full diameter of the 8344n. 
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casing with which the well was lined. Oil produced in the Salt Creek 
field of Wyoming, owing to its high wax content, becomes a semisolid 
mass on reduction to moderately low temperatures. Paraffin accumula- 
tions in the well tubings are common in this field, and where the gas 
pressure has declined to low levels paraffin is also deposited in the reser- 
voir sands about the walls of the wells. It is not uncommon, in this field, 
to remove 500 to 1,000 lb. of paraffin from the casings of flowing wells. 
The paraffin problem is also known to be a common one in many of the 
Appalachian fields. In the Yenangyaung oil field of Burma and in the 
fields of Trinidad, Galicia and Rumania, waxy deposits often interfere 
with the continued operation of wells. In certain of the Rumanian 
fields, w^ells are occasionally found filled to the top with accumulated 
paraffin. 

Methods of Removing Paraffin Accumulations from Wells. — ^If wax 
has been permitted to accumulate in a well to such an extent that produc- 
tion is curtailed, any of several different methods may be employed in 
removing it and restoring the welPs productivity. A common method 
involves the introduction of wax solvents, such as benzol, gasoline and 
heavier distillates. Frequently the solvent is preheated to increase the 
solubility of the wax. This method is only partly effective, since the 
wax is not readily soluble. Benzol is more effective than gasoline, 
but best results have been secured when the solvent has been preheated 
to such an extent that it melts the accumulated wax. Though the 
effectiveness of the solvent is increased by heating when used in this 
way, its primary function is to serve as a carrier for heat. 

The solvent may be run into the well through tubing or between the 
well casing and tubing, or it may be poured into the open casing of a 
well or lowered in a dump bailer. The dump bailer is especially useful 
in introducing hot solvents with small temperature loss. Hot solvent 
should be promptly bailed or pumped out of the well after use, to prevent 
the molten wax from again solidifying in the well as it cools. This 
method has been successfully used in some wells in the Bradford field 
of Pennsylvania, it being customary to treat these wells with hot gasoline 
once every three or four years. The method has also been found effective 
in the Salt Creek field of Wyoming, and it has been used to some extent 
in the Slick, Cushing and various other Oklahoma fields. 

Other commonly used methods of removing paraffin involve direct 
application of heat with the purpose of melting the wax so that it flows 
under the influence of gas pressure from the reservoir, rock into the wells. 
In addition to use of hot solvents, as described above, superheated steam 
is frequently used and is quite effective if it can be forced down to the 
horizon of the reservoir rock without serious loss of temperature. Cir- 
culation must be established in order that a continuous supply of live 
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steam may flow over the wall rocks exposed in the well. This may be 
accomplished by forcing steam down to the bottom of the well through 
tubing, allowing it to return to the surface betw'een the tubing and the 
casing. If a well is being pumped, a convenient arrangement provides 
a string of tubing telescoped over the tubing through which oil is lifted 
to the surface. Steam is introduced at the surface between the two 
tubing strings and returns to the surface between the outer tubing and 
the well casing. The steam thus serves to melt paraffin deposited on 
the sucker rods and oil tubing, as well as on the wall rocks. Care should 
be taken that no great steam pressure be developed within the well; 
otherwise, the melted paraffin may be driven further into the wall 
rocks. 

Other methods of developing heat for use in melting paraffin in wells 
involve the use of chemicals. Calcium carbide introduced into a well 
with water generates heat and acetylene gas. This method has been used 
to a limited extent in the fields of eastern Kansas. Some Pennsylvania 
wells yield large quantities of caked paraffin, mud and sand after treat- 
ment with 300 to 500 lb. of calcium carbide and 1 bbl. of water for each 
100 lb. of carbide. A mixture of caustic soda or lye and metallic alumi- 
num fillings also generates heat on contact with water. Use of these 
reagents constitutes a patented process that has been used to a limited 
extent in the Pennsylvania fields. A mixture of sodium peroxide and 
water has also been proposed as a means of generating heat. Hydrogen 
and oxygen being liberated by the reaction become ignited in the well 
and burn. This method also has been experimented with to a limited 
extent in some of the mid-continent and Appalachian fields. Chemical 
methods of heat generation are expensive and, it is thought, would only 
be advantageous in special cases. 

Experiments have been conducted in certain fields in the Appalachian 
region, involving direct burning of paraffin in the wall rocks of w^ells by 
providing a temporary supply of air to the wells and igniting the oil and 
gas in the bottom of the w^'eHs vdth a lighted taper or fuse. A gas-air 
mixture is forced down through tubing and ignited by a fusee previously 
placed in a screen basket at the lower end of the tubing. The gas and 
oil produced by the well are thus ignited and burn but can be readily 
extinguished when desired by shutting off the air supply or, if only gas 
is produced by the w^ell, by diluting the gas with surplus air. By this 
method, a temperature as high as 3,300''F. is attained at the bottom of 
the well. The lower two or three joints of tubing are burned off but 
can be later drilled up without difficulty. Experience has shown that 
burning accumulated wax in this way does not close the pores of the 
sand with coked carbon. The intense heat developed disintegrates 
the wall rocks in some instances so that much loose material caves into 
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the well, thus enlarging the well cavity and exposing fresh, unclogged 
sand surfaces. 

Many oil producers make a practice of combating wax accumulations 
in wells with the aid of explosives. This is an effective method of 
removing such accumulations that functions not only by the violent 
disintegrating effect of the explosive on the rock walls of the wells, but 
also by the effect of heat generated by the explosive in melting the 
parafi&n. For this purpose, squib shells containing 5 to 10 qt. of nitro- 
glycerin are used. The “shot’^ should be ^Hamped’^ with a column of 
water. This method is preferred to all others in certain of the Oklahoma 
fields. 

Electric heating devices, lowered into the well on a two-wire insulated 
and armored cable, have also been proposed for melting paraffin accumula- 
tions and used to a limited extent, but are costly, and electric current is 
often unavailable. A serious induction loss may result unless a non- 
magnetic armor is used on the cable. 

Still other methods are employed in dealing with wax accumulations. 
Various forms of mechanical rotary reaming devices, designed to expand 
against the walls of the well and scrape off the wax-impregnated rock 
surfaces, have been devised and find occasional use. Some of these are 
effective in wells of moderate diameter but are scarcely adaptable in 
large shot cavities in which the walls are several feet from the well axis. 

When production of oil is impeded by accumulations of wax within 
the tubing or casing through which the oil flows to the surface, various 
types of mechanical scrapers or ^^paraffin hooks are found to be most 
effective. In certain Texas Panhandle wells operated by gas lift, a 
special scraping tool is lowered daily on a sand line through the well 
tubing in order to keep the tubing free of accumulated wax. A swab 
may be used for this purpose unless the wax deposits are unusually 
thick and resistant. Some operators in the Fox and Graham fields of 
Oklahoma run a string of cable tools and a swab in and out of each well 
daily. 

Causes of Formation and Methods op Removal of Inorganic 
Precipitates from Wells 

Several secondary minerals, common in nature, are readily formed by 
chemical interaction of dissolved substances in oil-field ground waters. 
For example, amorphous silica is easily precipitated from alkaline solu- 
tions by carbon dioxide or by organic acids present in petroleum. Insolu- 
ble calcium sulphate (gypsum) is formed when a ground water dontaining 
a high concentration of calcium chloride in solution is mixed with another 
containing solublq sulphates. When water containing a soluble calcium 
salt is brought into contact with another containing carbonate, lime in 
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one or another of its various forms is precipitated. Iron salts, in acid 
or neutral solutions, are precipitated as hydroxide if the solution becomes 
alkaline. Barium chloride in solution in ground water, on contact 
with a soluble sulphate, will form insoluble barium sulphate (barite). 

Any one of these mineral substances, as well as a variety of others, is 
readily formed in oil and gas wells under appropriate conditions. When 
precipitated in finely divided form from water solutions, these substances 
may clog the pores of reservoir rocks or the openings in well screens 
and perforations, or may accumulate in the well tubing in such a way as 
seriously to restrict flow of oil or gas into the wells. When precipitated 
in finely divided form, these substances may be deposited as coatings 
on the sand grains, eventually extending across and closing the sand 
pores of the reservoir rock where exposed at the wall of the well; or they 
may be deposited as a mineral sludge, the particles of which later con- 
solidate to form cementing material between the sand grains. No 
more effective means of excluding oil and gas from wells could be con- 
ceived and formation of such inorganic precipitates should be prevented 
by all practical means. 

Solid inorganic substances may also be formed by a process of con- 
centration from ground waters associated with petroleum and natural 
gas. Evaporation of water in a well, by natural gas bubbling through 
it, will increase the concentration of dissolved salts until the residual 
solution becomes saturated, after which further evaporation will result 
in a part of the dissolved salt’s crystallizing out. Instances are known in 
which the tubings of gas wells have filled with crystallized mineral salts 
for depths of hundreds of feet, in some instances within but a few months. 

Methods of Removing Precipitated Salts from Wells. — The remedy 
to employ in combating these inorganic salt accumulations will depend 
upon their chemical nature. Some, such as sodium chloride and sodium 
sulphate, are soluble in water and may be removed by prolonged washing 
with fresh water, which may be run into the well with the aid of a dump 
bailer or through tubing. Lime and other carbonates may be removed 
by treating with acid, preferably hydrochloric acid. Some remarkable 
increases in recovery have been secured by acid treatment of wells where 
calcium carbonate accumulations had isolated the wells from the reser- 
voir rock. Some precipitated substances, such as amorphous silica and 
gypsum, are not readily soluble in either water or acids, and in such 
cases recourse must be had to the shattering effect of explosives. Indeed, 
explosives provide a convenient means of dealing with any inorganic 
accumulations of this character. 

* Mills, R. Van A., and Wells, R. C., The Evaporation and Concentration of 
Waters Associated with Petroleum and Natural Gas, U. S. Geol. Survey, Bull 693, 
1919. 
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INCREASING DRAINAGE EFFICIENCY BY FORMATION OF CAVITIES ABOUT 
PRODUCING WELLS WITHIN THE RESERVOIR ROCK 

In Chap. I, it has been shown (see page 51) that in a well of normal 
diameter, owing to convergence of flow channels, much of the energy 
consumed in moving oil through the reservoir rock into a well is expended 
within a few feet of the wall of the well. As a result of release of gas 
from solution in the oil, with reduction of pressure, the .volume of fluid 
in motion is much greater near the wall of the well than it is farther 
back in the reservoir rock. Because of the restricted flow cross section 
of the reservoir rock near the well, movement of the fluids is much more 



{From a paper by the author in Petroleum Eng.) 

Fig. 218. — Sketch illustrating variation in cross section of the flow channel at different 
distances from the axis of a well. 

rapid in this vicinity; and, since energy consumption is proportional 
to the rate of flow, it is clear that a large part of the pressure loss must 
occur in this high-volume high-velocity zone near the wall of the well. 

The usual method of production, through normal-diameter wells, is 
comparable with the flow of oil through the small end of a funnel. For 
example, if a well is producing from an oil sand 10 ft. thick through a 
well 6 in. in diameter and we assume that a drainage influence over a 
300-ft. radius is effected, the sand, cross section at the wall of the well 
through which flow must occur is 15.7 sq. ft., whereas 300 ft. from the 
axis of the well the flow cross section is 18,850 sq. ft. This may be 
represented diagrammatically by the drainage /^funnerv sketched in 
Fig. 218. 

Consideration of the pressure losses immediately about the wall of 
the well indicates the desirability of enlarging the bore of the well or 
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forming a cavity about it where it penetrates the reservoir rock. Refer- 
ring again to Fig. 218, it is clear that if we could cut off, say, 5 ft. of the 
drainage cone nearest the apex, as indicated in the sketch, leaving a 
wall area of 314 sq. ft. on the delivery end of the funnel” instead of 
15.7 sq. ft., we would greatly reduce the flow resistance. This is essen- 
tially what results wdien a cavity 10 ft. in diameter is formed within the 
reservoir rock about a producing well. Experimental research confirms 
this reasoning, it being demonstrated that a well 5 ft. in diameter pro- 
duces at a rate 1.5 times that of a 6-in. well under otheiwise comparable 
conditions. It has also been . shown, experimentally, that the larger 
diameter well develops a drainage influence over a greater area and that 
it secures a greater percentage of the drainable oil present in the reservoir 
rock. That large-diameter wells produce more efficiently than wells of 
normal diameter is also demonstrated by the fact that the larger -wells 
produce with lower gas-oil ratios. 

From an operating standpoint, the large-diameter well possesses 
maii}^ advantages over a -vvell of normal diameter. The large-diameter 
well develops a greater drainage influence. Wells may therefore be 
more widely spaced and development and operating costs materially 
reduced. Greater per acre ^-fields also make for lower unit-production 
costs. The more rapid rate of production of the large well permits of 
earlier amortization of invested capital and earning of greater profits 
because of the shorter period of realization. Under competitive condi- 
tions, large-diameter wells are capable of securing a larger percentage of 
the drainable oil than competing small-diameter wells. The natural 
advantage of an early well can be largely offset by finishing the later 
drilled w^ells with larger diameters through the reservoir rock. 

Methods of Foeming Well Cavities 

The manifest advantages of increasing the free drainage surface, 
exposed at the wall of the W'ell, leads to a consideration of the means by 
which these advantages might be secured in field practice. It would be 
impractical, or at least very costly, to drill a well several feet in diameter 
from the surface. Such a well, if large enough to accomplish the desired 
result, would have to be of the nature of a mine shaft; and, though not 
necessarily prohibitive from the standpoint of cost, penetration of an oil 
sand containing high-pressure gas by a shaft, supporting the walls against 
caving and preserving them in suitable condition for future drainage, 
would present many difficulties of a practical character. As long as w^e 
are to continue to produce oil through drilled wells, the obvious solution 
is to drill them of normal diameter and then ream them out or form 
cavities about them within the oil sand. Such cavities, provided that 
they can be maintained throughout the productive life of the wells, will 
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have all the advantages, in so far as production is concerned, of a shaft 
of large diameter sunk from the surface. 

In considering the possible methods by which well cavities might be 
formed, it is apparent that the method to be adopted will depend upon 
the nature of the reservoir rock and the size of the cavity desired. In 
well-cemented sandstones and limestones, which are not readily dis- 
integrated, recourse is had to powerful explosives. ''Shooting'^ of wells 
with nitroglycerin, dynamite or blasting gelatin is common in oil-produc- 
tion practice in fields where the reservoir rocks are hard, well cemented 
and do not cave readily. Cavities formed in such rocks do not require 
support to perpetuate them during the productive life of the wells. 
In dealing with moderately soft and unconsolidated reservoir sands on the 
other hand, explosives do not have the necessary shattering effect and 
other methods must be adopted for disintegrating the material and form- 
ing the cavity. These include mechanical devices for reaming out the 
well, which are effective only within a limited radius of action, and a 
method in which hydraulic force is employed. The walls of cavities 
formed in sands that cave readily must be supported by some means; 
otherwise, the sand will close in about the well casing, and the primary 
objective of increasing drainage efficiency will not be realized. Gravel 
of suitable size may be placed in well cavities, affording support for the 
walls, preventing admission of sand to the well and yet offering very 
slight resistance to flow of oil, so that drainage efficiency of the cavity is 
not materially reduced. 

Effect of Explosives in Forming Cavities in Hard Reservoir Rocks. — 
In forming cavities with the aid of explosives in resistant reservoir rocks 
such as limestones and well-cemented sandstones, shells or torpedoes 
containing the explosive are lowered into the well to a point opposite 
the .productive sand and there detonated. * The quick-acting explosive 
used develops considerable lateral shattering effect, so that the walls of 
the well in the vicinity of the “shot^^ disintegrate into fragments and 
cave into the hole. Subsequent removal of the rock fragments by bailing 
leaves a cavity about the well of dimensions that will vary with the 
amount of explosive used and with the character of the reservoir rock. 
In addition to forming an open cavity about the well in the manner 
described, it seems probable that the explosive will form crevices extend- 
ing out from the wails of the cavity into the reservoir rock for a consid- 
erable distance. Although these crevices may be of no great thickness, 
they probably offer considerably less resistance to passage of fluids 
through them than does the unbroken reservoir rock, and to this extent 

* For a description of the methods of well shooting and of the equipment used, the 
reader is referred to pages 421 to 426 of vol. I of this work, 'Tetroleum Production 
Engineering — Oil Field Development.” 
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they serve to increase the welFs drainage efficiency. Where drainage 
across bedding planes through individual strata comprising the produc- 
tive formation is prevented by impervious partings, it seems probable 
that the crevices formed by the explosive will fracture the impermeable 
strata and thus promote a more uniform drainage effect from ail com- 
ponent members of the productive formation. The effect of this would 
be to permit the oil to find access to the well through a greater thickness 
of reservoir rock, and the resistance of oil to flow through the formation 
in the immediate vicinity of the well is to some extent diminished. Fig- 
ure 219 illustrates the author’s concept of the appearance of a well 



(From a paper by the author in National Petroleum News.) 

Fig. 219. — Well cavity formed by use of explosives in a well-cemented reservoir rock. 

cavity formed in hard rocks by use of explosives. The sizes of shot 
cavities have in some instances been determined by measuring the amount 
of gravel necessary to fill them, and it appears that diameters of 3 to 
5 ft. are not uncommon. 

After shooting, the rate of production of a well is usually considerably 
increased. This is accompanied by an increased flow of natural gas, but 
observations indicate that the gas-oil ratio is usually less after shooting 
than before. Many operators explain the additional recovery of oil 
secured from a well following use of explosives on the theory that crevices 
are formed through the reservoir rock, intersecting bodies of oil that 
previously did not have access to the well. In cavernous limestones or 
in bodies of close-grained sands with many impermeable partings, there 
is doubtless some justification for this theory, but in many cases such an 
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explanation would scarcely serve to explain the great increase in produc- 
tion following shooting, which is occasionally maintained over many 
months. 

Petroleum in the reservoir rock is often supersaturated with dissolved 
gas. The violent concussion and agitation accompanying explosion of 
the shot suddenly release large quantities of gas from solution in the oil. 
Eesulting expansion of the fluid is probably largely responsible for the 
first rush of oil and gas into the well following a shot. It is considered 
improbable, however, that this effect could be more than temporary. 
Long-sustained production at an increased rate can be explained only 
on the theory that enlargement of the well cavity has so far reduced flow 
resistance as to permit the well to rise permanently to a plane of higher 
drainage efficiency. 

Numerous instances are recorded in the literature indicating the value of explo- 
sives as a means of increasing the initial production of wells. It is common practice 
to shoot wells drilled to produce from the black lime of northern Texas, and notable 
increases in the rate of production result by so doing. In the Caddo field of Louisiana, 
’one well, initially rated as a very small producer, yielded 12,870 bbl. per day imme- 
diately after being shot. Another well in the same field was nonproductive until it 
was shot, after which it produced 400 bbl. per day. 

Striking results followed shooting of partially exhausted sands in the Burbank oil 
field of Oklahoma. One 200-bbl. well increased its production to 450 bbl. daily, 
and another 300-bbl. well, after being shot with 110 qt. of nitroglycerin, produced at 
the rate of 800 bbl. per day. Instances are also known in which a heavy shot in one 
well has stimulated production in other near-by wells. This is scarcely to be explained 
on the basis of fracturing extending over distances of hundreds of feet, but rather by 
unusual release of gas from supersaturated oil as a result of concussion and vibration 
over a considerable area. This gas, expanding in its travel through the reservoir rock, 
brings additional oil to the wells. 

In the Cromwell field of Oklahoma, wells at first flow naturally but are customarily 
shot as a means of stimulating waning production. Shots of 4 to 40 qt. of nitroglycerin 
are used, the average being about 10 qt. Many individual wells have been shot 
several times, each successive shot being larger than the preceding one, and each 
resulting in an increase in production. In the Slick field of Oklahoma, it is usual to 
shoot all producing wells. Newly completed wells, after producing for a few days, 
on being shot increase in production from 40 to 800 per cent. Average shots use 
50 to 60 qt. of nitroglycerin, but in a few instances as much as 200 qt. have been used. 
Smaller shots with 5 qt. of the explosive are frequently used to stimulate production 
when cleaning-out jobs are in progress. In the Davenport field of Oklahoma, every 
operator has resorted to the use of explosives in stimulating recovery. Two instances 
will serve to demonstrate the advantage gained. In the case of one well having a 
‘^natural” production of 135 bbl., two small shots increased the rate of production to 
300 bbl- per day; and in the second case, production was increased from 100 to 325 bbl. 
by shooting. ^iStage shooting,” in which several small shots are fired successively at 
different depths within the productive sand, has been found more effective in this 
field than heavier single shots. Stage shooting possibly permits of more effective 
disintegration of the walls of a well for the reason that, in all but the first shot, the 
explosive has access to two free faces of the reservoir rock instead of one. A larger 
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cavity would therefore result, and subsequent drainage would be more effective. 
Authorities do not agree, however, on the advantage of stage shooting, some preferring 
to use one large shot instead of several small ones. 

In a study of the results of shooting in the Red River field, on the Texas-Oklahoiua 
boundary, accurate production records were maintained, and the resulting inen'asc* in 
ultimate recovery was estimated. In the case of one well, two 5-qt, shots, 13 months 
apart, resulted in a total recovery of 24,700 bbl. of oil in excess of that nulicaied as 
probable by the previous decline curve of the well (see Fig. 220), It is est ima t cd t ha I , 
for an entire lease on which there were 30 productive wells, the prodmdion oxuv a. 
3-year period was 30 per cent greater as a result of shooting than it would ollu'rwise 
have been. The estimated increase in lease production over a 5-year ixu’iod was 
72 per cent of the initial year’s production. The yield of 17 wells for a month prior 



{After fL B, Hill.) 

Fig. 220. — Production graph of a well in the Red River field, showing increased recovery 

secured by “shooting.” 

to shooting was 8,739 bbl., and the same wells during the month following shooting 
produced 15,886 bbl., or an average daily increase of 31 bbl. per well. The value of the 
additional oil produced was $796 per well per month, and the cost of shooting was 
repaid by the average well in this field in less than a month. The size of the shots 
varied from 3 to 10 qt. of nitroglycerin, but the average size of the first shot for each 
well was 6 qt. The gas-oil ratio remained almost constant over a period of three 
years (670 cu. ft. per barrel), whereas with the ordinary method of x*ecovei'y it would 
have, in all probability, materially increased. 

Hydraulic Method of Forming Well Cavities- — The proved advantage 
of well cavities formed by explosives in stimulating oil recovery in lime- 
stones and hard well-cemented sandstones has led to consideration of 
possible methods of forming cavities about wells in soft and relatively 
unconsolidated sands. Explosives have been found to be inappropriate 
in soft formations, tending to compact the sands and close the pores. 



374 


OIL FIELD EXPLOITATION 


Unconsolidated sands and semiconsolidated sandstones do not fracture 
readily, and the material about the cavities formed soon caves against the 
well casing, so that no permanent advantage is gained. 

For use in sands and sandstone reservoir rocks, the author has pro- 
posed a method which, as yet, has been used to but a limited extent, 
involving excavation of cavities about wells by hydraulic force, subse- 
quently filling the cavity thus formed with gravel to support the walls. 
In this method, a fluid — preferably oil — under high pressure and in 
sufficient volume to form a jet capable of disintegrating the reservoir 
rock when discharged through a suitable nozzle, is pumped down through 
the annular space between two telescoped strings of tubing. The inner 
tubing extends through an oil-tight joint in the bottom of the outer 
tube, and the fluid is discharged in a horizontal direction through one or 
more apertures in the side of the latter near its lower end. Turning and 
raising or lowering the outer tube upon the inner permit the jet to be 
brought to bear on any or all parts of the wall of the well, whereas the 
inner pipe remains stationary. Figure 221 illustrates the general form 
and arrangement and manner of operation of the equipment. 

Detrital material, resulting from action of tlie jet on the walls of the well, falls to 
the bottom of the hole with the spent fluid and is lifted to the surface in either of two 
ways: If the reservoir rock to be disintegrated is poorly cemented, so that the jet will 
be effective even when immersed in the accumulated fluid, the well is maintained full 
of oil and the detrital material is circulated to the surface as in rotary drilling, except 
that the path of the fluid is upward through the innermost of the two strings of tubing 
instead of between the well casing and the outer tubing. This method is illustrated 
in Fig. 2214. If the reservoir rock is resistant and it is desirable to bring the maxi- 
mum force of the jet to bear on the well wall, a fluid level below the point of application 
of the jet is maintained by utilizing the air lift to raise the detrital material and spent 
fluid to the surface. Compressed air for this purpose may be forced down between the 
wtdl casing and the outer string of tubing, as illustrated in Fig. 221 B. Action of the 
jet may be aided by occasional caving, the caved material being subsequently broken 
up with the jet in order that it may be elevated to the surface. Proper manipulation 
of the jet will promote or prevent caving, as may be desired. If necessary, pump 
pressure may be superimposed on the natural fluid head afforded by the depth of the 
well. Under appropriate pressure, the fluid jet has a considerable erosional effect, 
even when dampened by several feet of intervening fluid; and if a low fluid level is 
maintained py use of the air lift, with superimposed pump pressure so that the jet may 
operate directly on the wall rocks, a very effective erosional force, capable of dis- 
integrating even the harder sandstones, may be developed. 

In loosely cemented sands, vrhich display a tendency to cave or flow into the 
cavity created by the jet, it is desirable to fill the cavity about the well with some 
solid porous material offering no great resistance to movement of oil through it, such 
as crushed rock or gravel. The walls of the cavity will not cave seriously so long as 
the well is filled with oil or is under the influence of elevated pressure. The jet used in 
excavating the cavity may later be used in filling it with gravel, provision being made 
at the casing head for supplying the descending stream of oil with gravel in such 
j quantity as will not clog the circulating system. A lower pump pressure is used while 
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gravel is being deposited, sufficient to cause the jet to throw the gravel particles out 
to the walls of the cavity, but not enough to disintegrate additional reservoir sand. 
When gravel is being depo.sited, the spent fluid is returned to the surface through 
the annular space betvreen the casing and outer tubing; and, in order that additional 



Fig. 221 a. — S ketch illustrating hy- 
draulic method of forming well cavities, 
circulating detrital material to the surface. 



Fig. 221i5. — Sketch illustrating hydrau- 
lic method of forming well cavities, using 
gas lift as a means of elevating spent oil and 
detrital material to the surface. 



{Froin a paper hy the author in National Petroleum News.) 
Fig. 22 1C. — Sketch showing hydraulic 
method of filling well cavities with gravel. 

Fig. 221. — Sketches Illustrating Hydraulic Methods oe Forming and Filling 

Well Cavities 

material that may be dislodged from the walls of the cavity may not be deposited 
with the gravel and thus reduce its pore space, a stream of oil is also pumped down 
through the inner tubing, rising through the deposited gravel and sweeping out the 
finer detrital material tending to settle below the jet. Figure 221C shows the manner 
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of placing tlie gravel filling. Gravel fine enough to restrain sand incursion has pores 
sufficiently large to offer very little resistance to movement of oil and gas into the well. 
The advantages of gravel screens in this respect have been discussed in an earlier 
section (see page 355). 

Acid Treatment of Wells Producing from Limestone 
Reservoir Rocks 

Another method of promoting drainage efficiency of wells producing 
from formations in which the reservoir rock is predominantly limestone 
or sands composed of carbonate minerals, or in which the secondary 
cementing material is carbonate, involves treatment with a strong acid. 

Acidizing has for its objective solution of all or a part of the carbonate 
mineral, with the purpose of increasing the size of the welTs drainage 
cavity or, what amounts to the same thing, of increasing the permeability 
of the reservoir rock in the immediate vicinity of the wall of the well. 
Under favorable conditions, by selection of suitable reagents, a consid- 
erable enlargement of the walks drainage cavity and of the drainage 
channels leading into it through the reservoir rock is possible; and the 
pore spaces of the reservoir rock are enlarged to such a degree that fluids 
may enter the well with materially reduced flow resistance. As a result, 
the rate of oil and gas production is increased, gas-oil ratios are reduced 
and a greater ultimate recovery of drainable oil is secured. 

Though the use of acids in wells for various purposes is not new, 
present methods of acidizing wells to promote recovery efficiency were 
developed as recently as 1930 in the oil fields of Michigan. It was found 
that the limestone reservoir rocks there productive responded well to 
acid treatment, productivity of the wells being materially increased. 
Soon thereafter, the method was applied in other fields and is today used 
in many districts where oil is produced from limestone reservoir rocks or 
from sandstones with lime cementation. Service organizations available 
in these districts on a contract basis bring acid and pumping equipment 
to the field on specially designed and equipped motor trucks and super- 
vise preparation of the wells, placement of acid and other reagents, 
pressure control during the period of treatment and subsequent clean-out 
operations. Engineers and research workers in the employ of the Dow 
Chemical Co., Midland, Mich., have taken a leading part in promotion 
of acidizing processes and in the development of reagents useful in con- 
nection therewith. 

Hydrochloric acid is almost universally used for this purpose, other 
strong acids being objectionable for one reason or another. By addition 
of a chemical inhibitor, hydrochloric acid can be made noncorrosive to 
the extent that it does not attack steel casings and other well equipment, 
and it does not react with oil or form detrimental .precipitates. Sul- 
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phuric acid forms insoluble calcium sulphate, which tends to clog the 
pore openings of the reservoir rock. Nitric acid cannot be inhibited 
against steel corrosion and liberates obnoxious, poisonous and highly 
corrosive nitrogen tetroxide gas. Hydrofluoric acid is difficult to handle, 
dangerous to health and also forms gelatinous insoluble precipitates by 
reaction with calcium and magnesium salts often present in oil-field 
ground waters. 

The strength of the hydrochloric acid employed and time of treatment 
will vary with the character of the reservoir rock and should be deter- 
mined by laboratory tests on core samples. Often 15 per cent hydro- 
chloric acid is used, capable of dissolving about 0.4 cu. ft. of limestone 
per 42-gal. barrel; but, with low reservoir pressure, 10 per cent or even 
5 per cent acid may be employed. When a 15 per cent acid is completely 
neutralized, the resulting calcium chloride solution is about 71 per cent 
saturated and is rather vdscous. The weaker acids produce solutions 
that are less viscous and are therefore preferable when the formation 
pressure is low, for we must depend upon the formational gas pressure 
to drive the spent acid out of the pores of the reservoir rock so that it 
may enter the well. Ordinary commercial hydrochloric acid has a con- 
centration of from 28 to 35 per cent hydrochloric acid; hence, for use in 
wells it is diluted with one to two parts of water. For use in treating 
dolomitic limestones, an intensified^^ acid is said to be more effective 
than ordinary acid. This contains a catalytic reagent, which provides 
a more rapid rate of reaction. Heat is sometimes applied to the acid 
to hasten the reaction, but the advisability of this is doubted by some 
authorities. 

Inhibitors added to the acid to protect casings and other steel equip- 
ment, with which it may come into contact, may be either organic or 
inorganic in character. They become adsorbed on the surface of metals 
so that hydrogen evolution, produced by reaction of acid on metal, is 
retarded and loss of metal is inappreciable. Properly inhibited acid 
has practically no visible corrosive action on steel during the time neces- 
sary for well treatment, whereas raw acid may dissolve as much as 
0.286 lb. of steel per day per square foot of exposed surface. The 
inorganic inhibitors used are generally cyanides or compounds of arsenic. 
Organic inhibitors may be products such as aniline, pyridine or organic 
sulphur compounds. 

The time of treatment varies, depending upon conditions, from as 
little as 6 hr. to as much as 72 hr. The shorter period is sufficient in 
permeable formations where the lime is readily soluble; but in the more 
impermeable and less soluble types of reservoir rocks, such as dolomite, 
a longer period is necessary. The amount of acid used will depend upon 
the thickness, porosity and permeability of the reservoir rock, the forma- 
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tion pressure and the size of the well cavity, and ranges from 500 
to 6,000 gal. The average amount used in a single charge is about 
1,000 gal. 

The acid may be simply poured or siphoned into the well tubing or 
casing or lowered with a dump bailer, but a better method is one in 
which it is pumped down through tubing from tank trucks equipped 
with high-pressure pumps and gas compressors. The well pump and 
rods are first removed, and the well is filled with oil. Acid is then pumped 
down the tubing, the oil displaced at the surface being permitted to 
escape from one of the side outlets of the casing head into a measuring 
tank where the volume displaced can be accurately gaged. After a 
volume of oil equal to that of the tubing and the portion of the hole to 
be treated has been displaced, the outlet from the casing head is closed. 
Pumping of acid down the tubing is then continued. Since it may not 
now rise toward the surface in the annular space around the tubing, the 
acid must be forced out into the reservoir rock. If the latter is very 
permeable and well drained, little if any pump pressure may be required, 
the gravity head afforded by the depth of the well being sufficient to 
cause the acid to enter the reservoir rock. On the other hand, if the 
formation pressure is high and permeability is low, superimposed pump 
pressure will be necessary. When acid is inj ected in the manner described, 
none may rise in the well above the desired level, thus protecting the 
upper casings and cement used in excluding water against possible 
attack by the acid. 

In preparing a well for acid treatment, deposited paraffin should be 
removed from the wall rock so that the acid may gain ready access. For 
this purpose, wax solvents, heat or chemical treatment may be applied 
as explained in an earlier section. Water entering the well should be 
excluded if possible, in order that the acid may not be unduly diluted.'^ 
Chemical reagents capable of temporarily closing the pores of water- 
bearing formations are also available for this purpose in the form of 
liquid soaps which, when mixed with clay, react with brine to form a 
pasty gelatinous mass. If there is an open hole below the lowermost 
level at which it is desired to apply acid treatment, it will be necessary 
to plug or bridge the lower part of the hole or fill it with a blanket 
consisting of a solution of calcium chloride in water to which sodium 
dichromate has also been added. When the formation pressure is too 
low and the reservoir rock too permeable to permit of filling the well with 
fluid, it will be necessary to temporarily seal the pores of the reservoir 
rock. Eeagents producing coagulants insoluble in oil, but readily soluble 
in hydrochloric acid, are available for this purpose. 

* For a description of the methods of excluding water from wells, see vol. I of this 
work, ■ ‘Petroleum Production Engineering — Oil Field Development,” pp. 350-404:. 
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Acid treatment often results in an important increase in the rate of 
production. Usually, too, the gas-oil ratio will be reduced, indicating 
more efficient recovery. Figure 222 presents the production record of a 
well in one of the Michigan fields that was subjected to three successive 
treatments at intervals of 2 to 4 months. Reference to the dotted curve, 
which shows the normal rate of decline, indicates that as a result of acid 
treatment the well produced about 8,500 bbl. more than it would have 
produced without acid treatment. Whether or not this represents 
increased ultimate recovery is questionable. Some authorities believe 
that by acid treatment we are merely enabled to produce, during the 
early life of a well, oil that wmuld normally be produced over a longer 



(After K. A, Coveil, Am. Petroleum Inst.) 

Fig. 222. — Graphic production record of a well subjected to three acid treatments. 

period of time without acid treatment. It is reasonable to assume, how^- 
ever; that the greater permeability of the reservoir rock and reduced 
flow resistance resulting from acid treatment will bring about increased 
ultimate recovery. 

The cost of acidizing will depend chiefly upon the quantity of acid 
used. Thousand-gallon charges in Michigan wells cost $200 to $300. 
Whether or not the ultimate recovery is increased, the quicker realization 
on oil values and early amortization of development charges resulting 
from larger early production would appear amply to justify the cost of 
treatment. 

Methods of Determining Size of Well Cavities.— To determine the 
size of a well cavity that has been formed by methods described in 
the foregoing sections, we may fill the cavity with gravel and record 
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tile volume of gravel used. A record of the volume necessary to fill the 
hole between two recorded depths affords a means of computing the 
average diameter of the hole between the two points. 

There is also a mechanical device available for this purpose, known as 
an open-hole recording caliper. This is an instrument designed to be 
lowered on a steel measuring line and containing four movable arms that 
may be manipulated to maintain sliding contact with the wall of the 
hole. While the device is being lowered into the well, the arms are folded 
inside a cylindrical protecting shell; but, on reaching bottom, they are 
tripped into operating position by a spring mechanism. The arms move 
outward and establish contact with the wall of the well, and the instru- 
ment is then raised slowly. Each arm operates a ratchet that actuates 
a recording stylus, and the distance to which each is extended from the 
axis of the instrument is thereby recorded on a chart. 

MAINTENANCE OF WELL EQUIPMENT 

Maximum efficiency in the management of oil-producing properties 
requires that well equipment be maintained in the best possible condi- 
tion at all times. Tubing in flowing and gas-lift wells may become 
clogged Avith solid accumulations or develop leaks because of corrosion 
and wear. Chokes used for pressure control become enlarged by sand 
scouring. In pumping wells, the pump valves and seats become worn 
by continued operation and sand scouring and are no longer secure 
against leakage under the high pressure imposed. Clearance between 
the pump plunger and working barrel or liner may be increased by wear 
or plunger cups may become Avorn and distorted, so that slippage of 
oil occurs around the plunger. Sand accumulation above the valves or 
plunger may result in the pump sanding up.’’ Sucker rods may pull 
apart as a result of excessive strain, defective joints or welds, metal 
fatigue or wear. Frictional drag of the sucker rods on the inner walls 
of the tubing occasions wear on both, holes being sometimes worn in 
the tubing so that serious leakage of oil occurs, whereas the rods become 
so weakened by abrasion and wear of metal at the joints that they fail 
to resist the tensional strain put upon them. Occasionally the tubing 
will pull apart in the Avell as a result of defective joints, unusual strain, 
metal fatigue or frictional Avear. Elastic elongation and contraction of 
the tubing, under the stress imposed by operation of the pump, may 
result in frictional wear on the exterior of the tubing where it rests against 
the casing. Holes may also be worn in the casing by this same action, 
perhaps admitting water to the well. 

Such difficulties are common in well operation and require the con- 
tinual attention of repair crews. Such crews, comprising three or four 
men each, are moved about from well to well to provide such remedial 
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service as conditions may require. Wells that are idle because of break- 
age of pumping equipment should receive prompt attention so that they 
may be restored to production as soon as possible. Continual observa- 
tion of performance, gaging of output and inspection of well eqiiipinent 
will often disclose mechanical inefficiencies and deterioration, occasioning 
repair or replacement of working parts before complete interruption in 
production of oil occurs. 

Replacement of Worn Pump Parts. — When reduced efficiency of the pump indi- 
cates that the valves and seats are in need of replacement, the polished rod is detaclied 
from the connection with the walking beam or pimiping jack, tlie top of tlie stuffing 
box on the tubing head is removed, together with the packing rings, and the sucker 
rods are ^‘pulled” with the aid of a sucker-rod elevator (see Fig. 22t>). The rods are 



Fig. 223. — Sucker-rod and tubing elevators. A, Ratigan sucker-rod elevators; B, Dunn 

tubing elevators. 


disconnected as they are withdrawn from the well, in “stands” of 60 or 90 ft. in length, 
depending upon the height of the derrick or production mast employed. The rods 
are too flexible to permit of standing them on end in the derrick, as is done with tubing 
or casing, and they must either be suspended in the derrick from a suitable rod hanger 
(see Fig. 224) or laid horizontally along the plank platform leading from the derrick 
to the engine house or on timber supports at one side of the derrick. A skilled well- 
pulling crew can rapidly manipulate the elevators, wrenches and power controls neces- 
sary to remove the rods from the v^ells, disconnect them in stands and dispose of them 
in such manner that they will not be damaged by bending or scoring. On emerging 
from the well tubing, the pump plunger and valves are washed with distillate and 
carefully examined. If the balls and seats are worn, they are replaced with new ones, 
or in some cases, reversal of the seats will provide a fresh bearing surface. Valves 
and seats may be reground, if not too badly worn, by rolling the ball on a glass plate 
wet with oil and powdered carborundum. The ball is pressed firmly against the glass 
plate, describing a figure eight, while keeping the seat pressed down on top of the ball. 
The plunger is also calipered and otherwise examined for signs of wear. 
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If the plunger is worn, the tubing and working barrel shoald also be “pulled/^ 
This involves further delay while the tubing is withdrawn with the aid of suitable 
hoisting gear, tongs, tubing elevators and spider (see Fig. 225). The tubing is dis- 
connected in stands of 60 or 90 ft. and stood on end along one side of the derrick where 
support is offered at intervals by ‘‘finger boards.” If there is no derrick at the well 
and a mast is used for pulling, the tubing must be laid down horizontally on suitable 
timber supports. When the working barrel has been detached from the tubing and 
cleaned, the plunger is tested in it for clearance. If the condition of the plunger and 


barrel warrants, the pump should be sent to the shop for refitting of a new liner in the 
barrel or a new plunger, or both. If wear is local, perhaps only a section or two of the 
liner need be replaced. Oversize plungers available from pump manufacturers offer a 
convenient means of offsetting normal wear without disturbing the working barrel 
or liner. 

In replacing the pump in the well, the working barrel is screwed to the lower end 
of the first stand of tubing, usually with a joint or two of perforated tubing to serve 
as an “anchor ” below the foot piece, and lowered with the aid of the tubing elevators 
and spider, coupling the joints together and setting them up firmly with the tongs, 
until the working barrel reaches the desired depth. The plunger and valves sus- 
pended on the end of the first stand of sucker rods are then lowered and the column 
of rods similarly asseihbled. The rods must be lowered until the s banding valve enters 
its conical recess in the foot piece of the working barrel, driving the standing valve 


{Courtesy of Axelaon Mfg. Co.) 
Fig. 224, — Sucker-rod hanger. 




Fig. 225. — Appliances for handling tubing. 

Bryon-Jackson tubing elevators and hook; B and C, types of Bryon-Jackson tubing tongs; 
D, National Supply Corp.’s tubing spider, with detail of slips. 


on the downstroke of the pump, and the adjuster grip is clamped on the polished rod to 
suspend the plunger at the desired depth. The polished-rod stu&ig box is then packed 
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and adjusted, the lead-line connections are made and all is again in readiness for 
pumping. 

“Pulling” a Sand-clogged Pump. — If the pump “sands up’' or accumulates sand 
within the working barrel and about the valves to such an extent that pumping 
becomes impossible, the plunger and valves often cannot be pulled on account of 
sand settling above the plunger. In this event, the working barrel and tubing must 
be raised together. After disconnecting the power, an effort is first made to remove 
as much of the column of sucker rods as possible by applying a wrench and turning 
the rods until some joint unscrews. The column of rods may part anywhere, perhaps 
not at all, depending upon the security of the joints. If the column of rods parts 
somewhere in the well, the rods so detached are withdrawn from the well, uncoupled, 
and preparations made for “pulling” the tubing. The tubing has probably been left 
full of oil, so that as it is uncoupled into stands the oil flows out and provision must be 
made at the level of the derrick floor for draining it away to a near-by sump. When 
the upper end of the parted column of rods reaches the surface, another section of the 
column of sucker rods is unscrewed and withdrawn, thus alternately uncoupling the 
rods and tubing until the pump reaches the surface. After clearing it of accumulated 
sand, the pump, rods and tubing are replaced as described in the preceding section. 
While the pumping equipment is out of the well, the accumulated sand in the bottom 
may be removed by bailing, thus an immediate repetition of the difficulty is prevented. 
Pulling a “wet” string of tubing can be avoided if the column of tubing has been 
equipped with a tubing “bleeder” just above the pump. By turning the tubing at 
the surface, this device is opened, allowing all the oil in the tubing to flow back into 
the well. 

Repairing Parted Sucker Rods. — The sucker rods often part in the well, either as 
a result of extreme tension, metal fatigue, a defective coupling, wear or unscrewing 
of a joint by vibration. In this event, after the upper portion of the column of rods 
has been withdrawn, a fishing device, known as a “sucker-rod socket,” is lowered 
through the tubing on the sand line or on a string of sucker rods until the upper end 
of the parted column is engaged (see Fig. 226). The parted column of rods is then 
hoisted with the plunger and valves until the upper end reaches the surface. The 
broken or defective rod is then replaced with a new one and the rods and plunger again 
lowered into working position. 

Repairing Parted Tubing. — Tubing sometimes becomes so worn by abrasion of the 
sucker rods that it parts in the well under the tensional stress to which it is subjected. 
If the pump “sands up” so that the plunger is held fast in the working barrel, the full 
. force of the power applied to the rods is exerted on the weakened cross section of the 
tubing, causing bending or rupture. The column of tubing sometimes parts by 
unscrewing of a collar as a result of vibration. To repair parted tubing, the rods and 
pump plunger are first withdrawn, then the upper end of the parted tubing. A 
“tubing spear” is next lowered on drilling cable or a second string of tubing to fish 
for the upper end of the detached tubing (see Pig. 227). When the spear has taken 
hold, the parted column is lifted to the surface, the defective joint replaced and the 
tubing, rods and plunger again lowered into working position. 

Well-servicing Equipment 

The power required for repair operations at wells is greater than that 
necessary for ordinary pumping service and highly variable. Further- 
more, the prime mover must be somewhat flexible in speed and torque. 
Pumping equipment, on the other hand, requires a fairly uniform speed 
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and power expenditure. Where a well has been equipped with a ^istand- 
ard end/^ comprising a prime mover, band-wheel, crank, pitman and 
walking beam, it has been usual to install a prime mover capable of 
servicing the well and its equipment in time of need, as well as taking 
care of the routine pumping load. With such an arrangement, the 
prime mover is considerably larger in power rating than is necessary for 
pumping purposes. It therefore operates below its normal capacity — 
and hence inefficiently — most of the time. Where electric power is 



(Courtesy of National Supply Corp.) 

Fig. 226. — Sucker-rod socket. At center, socket-catckiiig rod; at right, socket-catching 

pin of rod. 


used, the dual-rated two-speed variable-speed motor in some measure 
meets this difficulty (see page 289), but such an installation is expensive. 

If a cable-drilling rig has been used in drilling the well, many producers 
prefer to leave it practically intact in order to facilitate the occasional 
necessary repair work. The sand reel is necessary in running the bailer 
in clean-out operations. The bull wheels are useful in raising or 
lowering rods or light strings of tubing. The walking beam is utilized 
in operating the pump and is necessary also in operating the cable tools 
in redrilling operations, drilling out sand ^^bridges,^^ etc. Though it is 
perhaps seldom necessary to do any heavy pulling, if shifting or caving 
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sands part or bend the liner or oil string the calf wheel will be a useful 
accessory in making the necessary repairs. 

More recently, operators have equipped their wells with various types 
of pumping units (see page 309), some of which are designed to serve the 
dual function of pumping and well servicing, whereas others are intended 
, ^ only for pumping service. If the power unit is of ade- 

quate capacity, it may be used to drive a tubing hoist 
permanently mounted under one side of the derrick (see 
Fig. 160). This can be operated, when required, by a 
chain drive from the drive shaft of the prime mover or 
an intermediate transmission gear, with suitable pro- 
vision for speed control and reversal of motion. 

A more economical plan, one that is used particularly 
where wells are drilled by the rotary method, involves 
equipping each well with a pumping unit and stationary 
power plant designed only for handling routine pumping. 
Then, when repair work is necessary, a portable pulling 
machine,’’ winch or production hoist is brought to the 
well and rigged for the work to be done. Such a machine 
is mounted on a wheeled truck or trailer or a tractor 
and is powered with an engine or electric motor capable 
of furnishing sufficient power for pulling rods or tubing, 
bailing or swabbing. More powerful portable well- 
servicing machines are equipped for redrilling and hand- 
ling liners and casing. For use in comparatively shallow 
wells where the derrick has been removed, the portable 
servicing machine may carry a collapsible mast. For 
repair work at wells pumped with jacks operated by 
shackle lines from a central power, there being no prime 
mover at the well, portable servicing machines must be 
used. 

Fig. 227 .-- When portable well-servicing machines can be effec- 
tively employed, pumping costs are not only reduced 
drel with slips and through more efficient power application, but important 
spear’ With bowl economies in operating expense result through reduction 
designed to fit over of maintenance and depreciation charges on many 
tubinj. scattered rigs. Instead of burdening production costs 

with the expense of upkeep on a separate rig at each 
operating well, production Heed be charged only with the depreciation 
and maintenance on a single rig, serving all in turn as required. Further- 
more, since the portable machine is in frequent service, it is more 
likely to be efficiently maintained and therefore permits of more rapid 
and effective repair work at the wells than is possible with poorly main- 



(Courtesy of Bridge- 
port Machine Co.) 
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tained stationary equipment. Were it not for lower production costs 
made possible by such methods, many of the older oil fields would long 
since have been abandoned. 

Types of Portable Well -servicing Equipment. — Originally, portable well-servicing 
equipment was designed for use only in comparatively shallow wells and was often 
operated by animal power, but recent development has tended toward more powerful 
equipment capable of manipulating heavy strings of tubing and rods in deep wells 
and taking care of all ordinary ^^clean-oub’^ operations. Flexibility in speed and 
torque is an advantage in pulling operations, and the more popular types of machines 
are designed to operate at several different speeds. A convenient means of quickly 
reversing the motion of the winding drum must also be provided. 



{Courtesy of Hopper Machine Works.) 

Fig. 228. — Portable well-servicing equipment: Hopper type “D” winch mounted on a 

Caterpillar “ 60 ” tractor. 


Well-servicing machines mounted on trucks or trailers have the advantage of rapid 
portability along highways and are therefore useful where the wells at which they 
are to be used are far apart. They are not so satisfactory in rough terrain, how- 
ever, as the comparatively slow-moving machines mounted on wheel or caterpillar 
tractors (see Fig. 228). The latter have comparatively slow highway speed, but the 
smaller sizes may be carried on motor trucks for long-distance transportation. Some 
production hoists, mounted with their prime movers, unitary fashion, on skids, are 
designed to be carried about on a motor truck. At the well, such a machine is lifted 
off the bed of the truck and mounted on a timber or steel subbase placed at one side 
of the derrick floor. The truck may then be freed for other use. 

The prime mover provided for operating a portable well-servicing machine may 
be a gas or gasoline engine, a Diesel or semi-Diesel engine or an electric motor. Ver- 
tical multicylinder gas or gasoline engines are widely used and are well adapted. 
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Electric motors may, of course, be employed only where electric power is available 
at the wells. When power is available, a panel is provided near the well, into which 
flexible cable connections leading to the motor may be plugged. Variable-speed 
electric motors are ideal for pulling operations as they maintain an almost constant 
torque throughout their entire speed range. Internal-combustion engines, on the 
other hand, suffer a loss of torque at low speeds, and a suitable clutch must be pro- 
vided between the engine and the hoisting drum to permit of starting the engine and 
attaining suitable speed before it picks up its load. The intermediate mechanism 
must also provide for reversing the direction of rotation of the hoisting drum w^hen 
necessary. Internal-combustion engines have the great advantage of being self- 
contained power units. Though some degree of speed control is possible with either 
the internal-combustion engine or the electric motor, we must depend upon mechanical 
systems of speed changing to provide the necessary variation in hoisting-line speed. 
This is usually accomplished by an intermediate gear box or a system of sprockets and 
chains between the prime mover and the hoisting drum. 

Well-servicing machines may be provided with either one or two hoisting drums. 
Where only one is used, it must serve all purposes. Wliere two are available, one is 
designed to handle tubing or rods, whereas the other is a bailing drum for reeling a 
sand line. Suitable brakes must be provided on the hoisting drum to suspend the 
loads handled, and it is important that the drum be free turning to expedite lowering 
of the hoisting block when free of the load. Wlien in use, the hoisting cable is operated 
over the crown block sheaves, supporting a suitable hoisting block with two or more 
lines as load conditions may require. If the servicing machine is situated outside of 
the derrick, a snatch block is rigged at about the level of the derrick floor to carry the 
line from the hoisting drum up through the derrick. 

WATER EXCLUSION IN WELL MAINTENANCE 

Efl&ciency in oil production requires that water be excluded from the 
wells by all possible means. As explained in Chap. X, vol. I, of this 
workj water may enter an oil well from strata overlying the oil-bearing 
formations (^Hop w^ater^^), from strata underlying the oil-producing 
formations bottom w^ater^^), from strata between two oil-producing 
horizons (^^intermediate water cr from the reservoir rock that yields 
the oil (^^edge water^^). If water appears in the production of a well 
formerly free of water or if the percentage of water increases, it is impor- 
tant that measures be taken to determine its source and to exclude it if, 
by any economic means, this is possible. Water entering a well must be 
pumped out as rapidly as it enters; otherwise it will tend to accumulate 
in the bottom of the well, creating back pressure opposing admission of 
oil and gas and saturating the wall rocks with water to such an extent 
that oil production is greatly curtailed. Under some circumstances, 
water may enter a well from one stratum and build up sufficient hydro- 
static pressure to flow out from the well into partially drained low- 
pressure oil or gas sands, thus driving oil and gas away from the well. 
In extreme cases, water may flow through low-pressure strata from one 
well to others about it, thus adversely influencing the productivity of all. 
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Water may enter a producing well in a variety of ways.'^‘ A casing 
used to cement off top water may corrode until it leaks, or a hole may 
be worn or punched or ripped in it by rubbing of drill pipe or tubing or 
by manipulation of tools used in repair work or clean-out operations. 
Water shut-offs may fail, even though originally successful. Canvas or 
rubber packers may rot, cement plugs may disintegrate or become cracked 
under stress or water may gradually find its way through or around the 
plug. Bottom water, originally under control, may gain admission to 
the well where bottom-hole pressures have diminished as a result of 
normal processes of production decline; or bottom, water, originally 
plugged off, may gain entrance to the well by disintegration or decay 
of the plugs used to exclude it. In fields where edge water under pressure 
is wholly or partly responsible for expulsion of the oil, it is inevitabk' that 
water will gradually invade the reservoir rock as the oil is witlidrawn, 
until eventually it takes possession of drainage channels to all of the 
wells. Wells near the edge of the productive area are first influenced, 
but gradually the water forces its Vv-ay up the dip of the formation until 
wells at the very crest of the structure become ^Svet.” Often, where a 
productive ^^zone^^ is composed of several distinct series of oil-yielding 
strata, water will advance more rapidly through or be found initially at 
higher structural positions in some strata than in others. Thus, ^^inter- 
mediate water may appear in an area formerly free of water trouble, 
developing an increasing percentage of water, though some of the oil- 
yielding strata still continue to produce water-free oil. 

Methods of combating such conditions include plugging, cementing 
through perforations, setting packers and repair and rearrangement of 
casings. For such work, many special methods and appliances have been 
devised. However, before any remedial work is undertaken, it is impor- 
tant to determine the source and exact point of entry of water finding its 
way into the well. Special test methods, involving use of electrical 
instruments designed for this purpose, have been of great value in water- 
exclusion operations. 

Locating Soukce and Point of Entry of Water in Wells 

If water is entering a well and it is desired to determine its source 
and point of entry, so that means of excluding it can be intelligently 
planned, several different devices and methods assuring accurate infor- 
mation are available.! If the drilling of the well, samples of the water 
encountered in water-yielding strata have been systematically collected 

* Zorichak, J. J., Control of Water in Pumping Wells, Oil Weekly, Oct. 12, 1936; 
Oil Gas Jotir., Oct. 22, 1936. ^ 

t Gxjyod, H., Location of Water Flows in Drill Holes by Temperature Measure- 
ments, OinFee/dy, June 29, 1936, 
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and analyzed or preserved for future reference, it will often be possible 
to identify the source of any water entering the well at a later date by 
the saline or other impurities present. Ground waters in different for- 
mations frequently differ from each other or have distinguishing charac- 
teristics that can be identified by chemical analysis. Methods of 
analyzing ground waters and classifying them in accordance with their 
chemical' character have been described on pages 481 to 485 of vol. I of 
this work. 

Several electrical instruments are available for determining the point 
at which water is entering a well. The ^^Water Witch, a device fre- 
quently used for this purpose, measures the resistance of the well fluid to 
passage of direct-current electricity between two electrodes fixed in their 
relation to each other, one on each end of two insulated copper con- 
ductors enclosed in an armored cable. A generator set, mounted on a 
motor truck and brought to the well, furnishes to the circuit a supply of 
direct current of constant voltage. The instrument containing the two 
electrodes is lowered on the insulated cable through the fluid in the well, 
while the amount of current flowing through the circuit is observed on an 
ammeter at the surface. Where water is entering the well, a marked 
change in the electrical conductivity of the circuit can generally be 
observed. Usually, water entering the well is more saline and hence a 
better conductor of electricity than the remainder of the well fluid, so 
that ammeter readings are generally higher when the instrument is 
opposite the point at which water enters the well. Where fluid in the 
well is in static equilibrium, it is necessary, before making the test to 
bail or swab out some of the fluid, thus establishing a flow of water from 
the formation into the well. Typical records obtained with the aid of 
the Water Witch are presented on page 398 of vol. I of this work. 

Another device, known as the ^^Lo-kate-it^^ instrument, is also suc- 
cessful in determining the point of water entry in wells. In use of this 
instrument, the well fluid in the vicinity of the point at which water 
enters is first conditioned by adding a solution of potassium bichromate 
with a small amount of sulphuric acid. The instrument used has one 
zinc electrode and one gold-silver alloy electrode. The electromotive 
force generated by the well fluid is measured on a sensitive voltmeter. 
The bichromate solution develops a comparatively large voltage, but 
where it is diluted by incoming water from the formation, a lower electro- 
motive force is recorded. 

Still another water-locating device, known as the ^ ^ Dale water-locating 
instrument,^' utilizes a photoelectric ceil. Light falling upon the photo- 
electric cell causes it to generate an electric current, the intensity of which 
varies as the light intensity varies. The instrument, lowered into the 
well QU m insulated cable carrying conductor wires, is equipped with an 
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incandescent lamp focused on the cell. Mud fluid or oil in the well 
obscures the light so that the electrical impulse generated is snial!, but 
opposite points of W'^ater entry, the well fluid is locally made more trans- 
parent, more light reaches the cell and the electrical impulse is increased. 
In this, as well as the other methods of electricalty deterixiiniiig the point 
of water entry, conditions must be established within tlie well that will 
permit water to enter from the formation. If fluid has risen in the well 
until static equilibrium is attained, the fluid must be bailed down some- 
what, so that more water may enter. 

Remedial Measuees for Water Exclusion 

The source and point of entry of wmter that is finding its way into a, 
well having been determined, by one or another of the methods ouiliiual 
above, the remedial measures to apply will depend upon the places of 
entry and its relation to the oil- and gas-producing formations. 

“Top-water** Exclusion. — If top Avater is entering, it aatU be either through a leak 
in the casing or around the shoe of the AA'ater ^'string.’* If the casing leaks as a result 
of corrosion or of accidental splitting or perforating at some point, it will be necessary 
to remove the well tubing and either withdraw or cut off the oil string so that it does 
not extend above the point of u^ater entry. The lower part of the hole below this 
point is “bridged,** and it may then be possible to force cement through tlie hole or 
holes in the casing AAdth the aid of an auxiliary string of tubing and a cement retainer 
(see vol. I, page 360), pump pressure being applied on the huid cement to assure 
passage of a sufficient quantity into the annular space between the casing and the AAnli 
of the AA^ell in the vicinity of the leak to exclude the Vvater effectively. Surplus cement 
may be circulated back to the surface AAuth water or mud fluid piiinped down through 
the tubing, after disengaging the latter from the retainer. After the cement has set 
and hardened, the retainer and such cement beloAv it as has remained in the casing 
are drilled out. 

Rarely will it be possible to remove the Avater string to the surface for repair, 
though it is sometimes possible to do so if the aaxiUs are firm. If a cement plug has 
been placed around the shoe of the casing for A\mter exclusion, this entails cutting off 
or unscreAving the casing just above the top of the cement plug, remoAung the upper 
portion to the surface and replacing the damaged joint or joints. The repaired 
column of casing may then be run back into the AA^eli AA ith a die nipple or collar on the 
lower end (see voL I of this AA^ork, page 328) and rotated until the die nip|3le or (*o]]ar 
takes hold of the upper end of the detached column in the Avell. HoAAmA^er, such a joint 
is not AA^ater-tight and necessitates further use of cement forced through perioral imis 
just above the die nipple, or of a permanent packer beloAv it on the oil string, to pr(‘\uMit 
Avater that may find its Avay through the die nipple joint from reaching the oil sand. 

If water is entering the Avell around the shoe of the Avater string, indicating iiiat the 
original means taken for water exclusion are no longer effective, the oil string must be 
withdrawn and the ioAA^er part of the hole bridged beloAv the original point of Avater 
shutoff. It being normally impossible to establish circulation under the shoe of the 
water string if a cement plug around the lower end of the casing has been used for 
water exclusion, we may try to force new cement into the formation just beloAA^ the 
shoe of the wgter string with the aid of a cement retainer on the ioAver end of an 
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auxiliary string of tubing (see Fig. 2'29). This injection of cement into the formation 
around the shoe of the water string requires high pressure, sometimes as great as 
3,000 lb. per square inch, hence the name “squeeze job,” frequently applied to this 
method. The formation may absorb only a few cubic feet of cement slurry, but this 
is often sufficient to accomplish the purpose. After the cement has set and hardened, 
the retainer and residual cement are drilled out below the shoe of the water string and 
a test made to determine whether or not the work has been successful. If this pro- 
cedure is unsuccessful in excluding water, we may cement a new string of casing, of 
smaller diameter than the original water string, at a suitable point below the original 
shutoff and well below the point in the well where tests indicate water is entering. 
However, this entails a reduction in size of the oil string with loss in working diameter 
through the oil-bearing formation and reduced production efficiency. A better 
plan is to cement a “combination string” to serve both for water exclusion and as an 
oil string through the producing formation. This necessitates cementing through 
perforations at a point between the original water shutoff and the top of the producing 
strata. The procedure for accomplishing this has been described on pages 364 to 365 
of vol. I of this work. 

Plugging Off Intermediate Edge Water. — Edge water does not always appear first 
in the lowermost members of a producing formation. Sometimes the producing 
interval is made up of several or perhaps many separate reservoirs, with little or no 
opportunity for movement of fluids across the bedding planes from one to another. 
In such cases, edge water may first appear in one of the producing strata above the 
lowermost. The water thus often appears to be “intermediate water,” with producing 
strata lying both above and below. Exclusion of such water is often imperative if it 
enters the well freely, as it tends to flood the overlying and underlying oil-yielding 
strata, restricting production from them. Furthermore, all water entering the well 
must be lifted to the surface, adding to the operating expense and promoting emulsi- 
fication of the oil, w'ith consequent dehydration expense. 

Possible remedial measures involve first bridging the hole immediately below the 
point of water entry, then introducing cement through tubing, using sufficient to fill 
the w^ell to a point somewhat above the top of the water-yielding ^one and applying 
pressure to force cement through the perforations of the oil string or liner and into the 
water-bearing formation. Surplus cement is then flushed back to the surface by 
suspending the lower end of the tubing just above the top of the water-producing zone 
and ciujiilating water or mud fluid down from the surface, either through the tubing 
or through the annular space. After the cement has set, that portion left above 
the bridge within the perforated oil string is drilled out and the perforations above 
and below the cemented section thoroughly cleaned for resumption of oil and gas 
production. 

The Baker Cement Retainer offers a convenient means of isolating a portion of 
the casing in this way for cementing through perforations. This device, attached to 
the lower end of a column of tubing, may be lodged in the casing at any desired point 
and manipulated in such a w^ay as to bridge the lower part of the casing so that no 
cement may pass into it, or it may be used to prevent access of cement to the tubing 
above the retainer after all cement has been pumped through. The retainer is 
equipped with two sets of slips, hydraulically actuated, which, when set, prevent the 
device from moving either up or down in the casing under the highest pressures to 
which it is subjected. In preparation for a “squeeze job” through perforations, one 
retainer is set below the position selected for the plug and the tubing released from it. 
The tubing is then withdrawn and run in with another retainer on its lower end set, 
in this case, Just above the position of the cement plug (see Fig, 2.30), Cement slurry 
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is then forced under high pump pressure into the space between the two retainers^ 
part of it passing through the perforations in the casing and out into the formation. 
When the formation will take no more cement, the tubing is disengaged from the upper 
retainer, which remains closed against pressure from below, and surplus cement in the 
tubing is circulated back to the surface. 





Fig. 229. 



Fig. 230. 


{Courtesy of Baker Oil Tools, Inc.) 

Fig, 231. 


Fig. 229. — Sketch illustrating use of cement retainer on auxiliary string of tubing for 
recementing below the shoe of a water string. A, 4-in. drill pipe; B, circulation jar (removed 
from hole when job is finished) ; C, trip mechanism (removed from hole when job is finished) ; 
D, cement-retainer body; E, arrows show direction of flow of cement slurry; F, shoe of 
9j^-in. casing; G, bottom of hole. 

Fig. 230. — Sketch illustrating method of cementing off intermediate water with the aid 
of an auxiliary string of tubing and two cement retainers. A, circulation jar and trip 
mechanism (removed from hole when job is completed); S, cement retainer bodj?^; C, per- 
forations made for passage of cement; D, casing bridge plug; E, original cement job througli 
perforations, unsuccessful. 

Fig. 231. — Sketch illustrating method of cementing blank pipe through perforations 
opposite point of entry of intermediate water, with the aid of a cement retainer and two 
“baskets.” A, inverted canvas basket; B, perforations for cement returns; C, swab rubber; 
D, circulation jar and trip mechanism (removed from hole when job is completed); E, 
cement retainer body; F, canvas basket; (?, baffle collar. 


Exclusion of intermediate water may be more positively accomplished if the oil 
string or liner can be withdrawn and a new one placed in the w^ell, made up of blank 
pipe {i.e.y without perforations), opposite the water-yielding zone. Cement may 
then be placed around the blank section with the aid of a cement retainer, forcing the 
cement slurry through perforations provided immediately below the blank section 
and allowing surplus cement to flow back into the oil string through "perforations 
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a]>f»ve (see Fig. 231.). Aft(?r detaching the tubing from the retainer, 
surplus ciMiuud ill the casing above it may be circulated back to the surface. 

Ail abernati\'e plan involves first detorinining accurately tlie interval or intervals 
in lhc‘ wtd! lhal yi(‘!.d wa.itvr. A cornplete liner of blank pipe is next ceinerited in the 
wt'll and I lien gun-]H';rforati’(l in the sections through wliicli it is desired to produce 
(see voL 1, pag(‘ -111), SIujuM airy interval thus ox)ened for production later beconie 
the perforations ifi tfnis interval are plugged vvith cement by one or another of 
the iiietliocis described above. 

“Bottom-water” E.xclusioii.- — If water is entering the well from formations below 
the oil-producing Isorizon, or if edge water appears in the bottom of the reservoir rock, 
we miiy a,ccom])]Lsli its exdusiojj l^y filling t.he lower portion of the well to a point 
above tlit' wader-yielding strata. For this purpose, several different metliods of 
coiiduciifig the cementing opc*ration have been devised.* If the oil string or liner 
can ho raisetl sc,^ that its lower end is above t.l:ie point of vrater entry, this should be 
don<“. Ih'fore phndng tlie cement, the lower portion of the vrell is thoroughly cleared 
of acciiiiiulated diCtriral inatculal by bailing, sand pumping or other clean-out methods 
previously uf-scribed. Some operators ream or “shoot” the hole at the point where 
1he lop of ike cemeni plug will be, In order to give it a more secure anchor to the 
h>rmation, thus eiiabliiig it Iw*ttcr to resist the upward pressure of the water to be 
exiliuled. 

Plugs of wood, ca>t' irnip Iicamp, rubber, canvas, oakum, lead wool, etc., may be 
wedgf'd iiilo fla* buPneis (d’ wells to prevent axlmission of vatei fioin under] yin g 
ftuauaiious, as explained mu pfige 367 of voL I of this work. A liltlc' ceim ut placed on 
top of sucii a plug gives addtal security. Small quantities of cdneuf may be placed 
ill lov\-pressun‘ w(‘!ls w :t!i the aid of a dump bailer. More 'posilue methods of water 
«‘X(*liislo!!, \\ld(‘h must b(' used when, liigh pressures are to be contimded \uth, involve 
pumping the eemenl into pla.ce tlirough a special st.ring of tubing lowered into the well 
for Ibis purpose X 

A common method of imroducing eenie,nt in bottom-hole plugging is that in which 
the eemenl is “ef|ualiz(‘d ” into the bottom of the well through tubing. In this 
operation, llie low'er end of tlie tubing is suspended about a foot aliove the bottom of 
the holr and cireulalion of watei' or mud faiid is estalalishcd down through, the tubing 
luni baefi to tin' ''.rirnnu' between it and the wall of the v'eU or outer casing. A calcu- 
lated anifniFi! of cenaap slmay, .necessary to fill the well to the desired depth, is then 
pumpc‘(i into l he tubing and is followed by fluid of the same density as that previously 
u.sed in ('.siabli>hiug circulation. The greater density of the cement slurry enables it 
lo sink five!}- in lh«' tubing and to attain the same elevation outside as inside, if the 
space alxjve tlu’ cement in the tubing is filled with circulating fl,iiid. .Both the tubing 
and ca.-ing are opmual to the atmosphere after all the eeiiient has entered the tubing. 
When the cennap. has thus “equalized” inside and outside the tubing in the bottom 
of th(.‘ Iuil6% the tubing is raised to a point just above the position desired for the top 
of the ca'TiUxiT plug, and cwcess cement is circulated back to the surface through the 
annular spru'e or, by reverse cirf*ulatio,n, up through, the tubing. The tubing is then 
further raisH*d or withdrawn fn.un the w'ell and the cemcmt allowed to set and harden.* 

An altc'rnative mt'tliori of placing cement in bottom-hole plugging is like the 
s‘qiia!izatk>n nu-thod described above, except that a calculated amount of circulating 
fluid, just sutlident to displace the desired amount of cement slurry from the tubing, 
is pumped flown through the tubing after the cement, atid tln^ tubing is not opened to 
ih<‘ atmos|>Iiere at the surface. This .method, called the “displacement method,” is 

♦ Paesons, C. ih, Plugging Back Wells, to 'Exclude. Water, “Drilling and Produc- 
tion ifinvtice, 1937,” Am. Petroleum Inst. 
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used when liigh-pressure conditions within the ’well must be contended with. Excess 
cement to the extent of 25 sacks, beyond what is necessary to form the cement plug, 
may be used. This additional cement senms to clear the wails of the well of accumu- 
lated clay and detrital material before the main body of the cement reaches the bottom 
of the hole. Contaminated with clay and diluted with well fluid, this scavenger 
cement is finally circulated back to the surface after the lower end of the tubing is 
raised to the level of the top of the desired cement plug. 

Other methods of placing cement through tubing in the bottom of a well involve 
pumping the cement slurry down between plugs of wood, or other suitable material, 
to separate the cement from the circulating fluid and prevent its contamination and 
dilution. Such methods have been described in vol. I of this work (see pages 378 to 
384). The squeeze^’ method may also be used in plugging off bottom water. In 
applying this method, cement slurry is equalized through tubing into the bottom of 
the well, the annular space between the tubing and casing is shut in at the surface with 
a bradenhead and high pump pressure is applied to the tubing. Cement slurry is 
thus forced into the formation to some extent. Excess cement above that necessary 
to form the desired plug is circulated back to the surface, and the well is then shut in 
under pressure until the cement sets. Wliere unusually permeable low-pressure or 
partially drained formations must be cemented off and ordinary cement slurry drains 
rapidly away, a cement-bentonite mixture called “gel cement” may be used, or fibrous 
material may be added to the cement mixture with the expectation that it will build a 
filter pad on the wall of the well and gradually seal the pores of the formation against 
further loss of fluid from the well. If it is desired to plug off bottom water in a well 
equipped with a perforated oil string or liner which cannot readily be removed, the 
perforations opposite the water-yielding strata can be thoroughly cleaned by swabbing, 
washing, flooding or hj^-clraulicking and cement then forced through them by the 
‘^squeeze” method. Cement is left inside the liner or oil string, filling the well to 
the desired depth above bottom. 

Chemical Methods of Water Exclusion 

Some success has been had in application of chemical methods of 
sealing the pores of the wail rocks in water-3delding intervals. These 
involve use of oil or water solutions of chemical reagents that, on contact 
with saline ground water, form insoluble precipitates. These precipi- 
tates accumulate within and seal the pores of the reservoir rock. Sodium 
silicate and sodium carbonate solutions, on contact with saline ground 
waters, form precipitates that may be effective in closing sand pores. 
Antimony trichloride, in oil solution, forms an abundant precipitate of 
antimony oxychloride on contact with water. The trichloride is also 
soluble in water in concentrated form, but on dilution of the concentrated 
solution the oxychloride is precipitated. Silicon tetrachloride, in oil 
solution, also reacts with water to form a precipitate of silicic acid, an 
effective cementing material. Various soap solutions and colloidal solu- 
tions may also be used to close the pores of a water-3rielding formation. 
On dilution or contact with salt water, these substances may, under 
favorable conditions, form more abundant precipitates than are ordinarily 
obtained by chemicals and by methods that involve reactions with saline 
ground water. , 
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Metliod.s making use of antimony trichloride and silicon tetrachloride 
a, re well dovcl(>])ed.’-^^ In a pumping well, before injecting the reagent, 
the working barrel is lowered to bottom and the fluid level reduced as 
far as is possible by rapid operation of the pump. For each 20 to 30 ft. 
of average sand, about 1,000 lb. of either of these reagents is then dis- 
solved in oil and injected under pump pressure down the annular space 
between the well casing and tubing. Oil follows the chemical charge in 
sufficient amount to create a static pressure capable of forcing the reagent 
into the reservoir rock. Wherever the reagent conies into contact with 
water, precipitate is formed, tending to seal the pores of the rock yielding 
it. A more certain and dependable method of forcing the reagent into 
a water- 3 nelding stratum involves setting an anchor packer on the casing 
near the top of the sand to be treated and a hook-wall packer on tubing 
just below. The tubing is closed at the lower end and perforated between 
the two packers. Forced down the tubing under pump pressure, the 
r(‘ag(uit ])ass(‘s out through the perforations and into the pores of the 
water-yi('iding stratum. Once formed, should it be desired to remove 
tht‘ pre(4pitat(‘, caustic soda solution ma^^ be used for silicon tetrachloride, 
and liydrocliloric acid is effective in dissolving antimon.}^ oxychlorides. f 

Interrelationship op Wells in Water Exclusion 

Successful exclusion of water from wells frec|uently requires considera- 
tion of tlie relationship of one well to others about it and may involve 
accurate correlation of formations and adoption of a uniform casing 
program. On page 400 of vol. I of this work will be found sketches illiis- 
tratirig ways in whicii water may flood a productive oil sand by passing 
tliroiigh tlie formation from one well to another. Careful studies of 
casing programs, points of water entrjq fluid levels and water productions 
of all tlie wells in a localit^^ may be necessary' before the cause of invasion 
of an oil reservoir rock by water may be determined. Metliods of 
making siicli studies are outlined on pages 399 to 402 of vol. I, including 
the use of aniline d^^'es and soluble salts in tracing the movement of water 
through the reservoir rock from well to well. 

FACTORS INFLUENCING ECONOMIC OPERATION OF PUMPING WELLS 

111 the management of pumping wells, consideration must be given 
to many factors that have an. important influence in determining the 
effieienc}- of operation. It will be important to select pumps of size and 
capacrity comniensiirate with the volume of oil that the wells are capable 

Kennedy, H. T., Chemical Methods- for Shutting Off Water in Oil and, Gas 
W'eiLs, ‘'Petroleum Development and Technology, 1936,’^ pp. 177-186, Am. Inst. 
Mining Met. Eng. 

t Morels, M. W., Chemical Clean-out of Oil Wells in Cdifornia, “Drilling and 
Production Fnictice^, 1937,-^ pp. 220-228, - Am., Petroleum Inst. 
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of producing. Their speed and character of operation must also be care- 
fully adjusted to the work to be done. A type of pump appropriate for 
the conditions presented must be selected. The character of prime 
mover to be used and methods of counterbalancing loads to secure 
minimum power consumption must receive consideration. Proper main- 
tenance and prompt repair of pumping equipment will be essential if 
maximum operating efficiency is to be attained. As the rate of produc- 
tion of a well diminishes, operating costs must be reduced to a minimum 
if operations are to continue profitable. 

MecHxINical Pumping Necessary in Latter Stages op 
Productivity of Most Oil Fields 

Mechanical pumping is a costly method of lifting oil from wells and 
should therefore be resorted to only when other less expensive methods 
become impracticable or when the additional lifting cost is justified by 
saving in formational gas energy. Ordinarily, wells will be operated by 
natural flow, the cheapest method of lifting oil, as long as gas is produced 
with the oil in sufficient volume and pressure to support flow at a suitable 
rate. Resort may later be had to induced-flow methods, such as the 
gas lift, wherein formational gas energy is assisted in lifting oil by recycling 
artificially compressed gas. Such methods are more expensive than 
natural-flow methods, but frequently less so than methods involving 
mechanical pumping. Eventually however, as formation pressures and 
rates of production decline, the efficiency of induced-flow methods becomes 
so low that they are more costly than mechanical pumping; or their use 
results in a lower rate of recovery than would be possible by mechanical 
pumping. Then pumping must be adopted as the method of lifting. 
In most oil fields, pumps must be used to lift the oil from the wells 
throughout the greater part of their productive lives. Only in fields 
where edge water encroaches as rapidly as the oil is withdrawn and is 
under sufficient pressure to force the oil to the surface may mechanical 
pumping be avoided during the later stages of productivity. Many wells 
never attain conditions that permit of flow methods and must be equipped 
with pumps as soon as completed. Statistics are not available, but it is 
believed that perhaps 90 per cent of all oil wells are mechanically pumped 
during at least a part of their productive lives. A large part of the cur- 
rent production in American oil fields is secured from upwards of 300,000 
''stripper’' wells of small daily yield, all of which must be mechanically 
pumped. 

Selection op Type op Pump to Suit Conditions Presented ■ 

As explained in previous sections, a variety of different types of oil- 
well pumps are available, one or another of which will be found adaptable 
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to almost any set of conditions that may be presented. Ciip-pliiiiger 
pumps are intended only for comparatively shallow wells where fluid 
pressures will not be excessive; while for deep-well pumping, steel-plunger 
pumps must be used. Some styles of these pumps are better adapted to 
handling gassy or sandy fluid than others. For pumping sand-laden 
oil, the fluid-packed pump and various st 3 des of circulating pumps are 
especially adapted. Such pumps, though of smaller capacity for a 
given size of working barrel, may secure a greater average daily rate of 
production because they are able to operate with fewer interruptions in 
service for repairs. Where well equipment must be frequently pulled 
for repairs, insert pumps are economical. If pumps are subjected to 
corrosive gases or ground waters, the exposed parts are preferably con- 
structed of corrosion-resisting metals. For very deep wells, rod-oper- 
ated pumps have low capacity and efficiency and hydraulically actuated 
pumps will be preferred. 

Selection of Size op Pump 

The size of pump must be carefully selected to accord with the volume 
of fluid to be handled and the depth from which it must be lifted. Tliere 
are capacity limitations of rod-actuated pumps for wells of different 
depths, determined by loss in efficiency resulting from increasing rod and 
tubing stretch with greater depth. The economic rate of production, 
with types and sizes of pumps in present-day common use, declines from 
about 800 bbl. per day at 2,000 ft. to zero at 9,000 ft. At depths of 
approximately 3,000 ft., about 700 bbl. per day can be successfully 
handled; at 6,500 ft., the maximum capacity is reduced to about 200 bbl, 
per day; and at 8,000 ft., to about 100 bbl. Pumps are available in a 
variety of different sizes (see page 225), and the size used should be 
appropriate for the 'volume of fluid that the well is capable of producing. 
The diameter of the tubi'iig and working barrel will be limited by that of 
the liner or oil string. For example, if a 59-'4-in. oil string is used, the 
largest size of tubing that can be “washed over^’ (an operation necessary 
in retrieving the pump if it becomes surrounded by sand) is 2-in. external- 
upset. Tubing as large as 3 in. can be run in Gys-in. casing. Because 
of rod stretcli and load conditions, the size of working barrel that will 
give inaxinium lifting capacity will vary with the depth of the well 
(see Table XYI). 

Factob.s of Importance in ObtxVining High Volumetric 
Efficiency in Operation of Oil-well Pumps 

For efficient operation of an oil-wTdl pump, it is essential that the 
working barrel should.be given ample submergence; that, as far as pos- 

* Allen, A., Jr., Proper Diameter of Pump for Oil Wells and Hough Method to Use 
to Determine the Diameter, Oil Gas Jour., Feb. 23, 1933,. pp. 40-41, 48., , 
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sibie, free gas should be eliminated from oil entering the pump; that the 
length and timing of the stroke of the sucker rods should be so adjusted 
that the stroke of the pump plunger will not be unduly shortened; and 
that the plunger displacement should be no greater than that equivalent 
to the maximum volume of fluid that the reservoir rock is capable of 
^delding. It is also essential that the pump should be in good mechanical 
condition, with valves and plunger secure against leakage of fluid under 
high pressure. The operator must be ever on the alert to make certain 
that all these requirements are satisfactorily met and that the well 
equipment is suitably maintained; otherwise reduced volumetric efficiency 
will result. 

Elimination of Gas and Sand from Oil Entering the Pump 

The necessity for minimizing admission of gas and sand entrained in 
the oil entering the pump has been discussed in previous sections (see 
pages 269 and 272). Gas is best controlled by installing a well-designed 
gas anchor below the pump and by submerging the working barrel suffi- 
ciently to place it well below the frothy oil generally found near the top 


Table XVI. — Table Showing Size of Woeking Baerel Giving Maximum Lifting 
Capacity for Various Depths 
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‘■‘'From Falk Flandbook, Emsco Derrick & Equipment Co. 


of the liquid column in the casing. Precautions must be taken to main- 
tain a suitable submergence, so that the well will not ‘^pump off^’ and 
admit free gas to the working barrel. Sand may be restrained from 
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entering the well by using a liner made up of a suitable screen pipe and 
by carrying a high back pressure against the face of the reservoir rock 
exposed in the well so that caving and disintegrating tendencies will be 
minimized.'^' Working barrels should be suspended well off bottom, so 
that such sand as does enter the casing will have opportunity to settle 
before the fluid enters the pump. 

Determining the Most Efficient Eate of Pumping 

As explained in a previous section (see page 266), the capacity of an 
oibwell pump is theoretically dependent upon the product of the number 
of strokes per unit of time and the volumetric displacement per stroke. 
The latter is a function of the diameter and length of stroke of the plunger. 
For a given size of pump, the capacity may be varied over a considerable 
practical range with changes in timing and length of stroke. Long slow 
strokes of the pump plunger will ordinarily be most efficient, but owing 
to the ehistic properties of sucker rods, this is not necessarily realized by 
long slow polished-rod strokes. For a given set of conditions, there is a 
certain combination of length of stroke of the polished rod and number of 
strokes per minute that will produce a maximum plunger displacement, 
and it will be important to determine this if greatest efficiency is to be 
realized. Usually the most effective timing and length of stroke will 
be determined by trial, though dynamometer studies will be helpful in 
quickly arriving at proper adjustments. Generally speaking, we should 
adopt the longest practicable stroke that will permit of using the smallest 
size of pump and slowest speed of operation that will lift the desired 
volume of oil.*^ 

If there are no proration restrictions, the volume of fluid to be lifted 
by the pump will be dependent upon the productive capacity of the reser- 
voir rock tributary to the well. This may be a matter of several hundred 
barrels per day if the reservoir rock is thick, well saturated, permeable 
and under high pressure, but diminishes to only a few barrels per day or 
less as the well nears the end of its economic life. The pumping equip- 
ment must therefore be sufficiently flexible so that by appropriate adjust- 
ments it may be made to operate efficiently over a wide range of capacity. 
If there are no restrictions on output, the producer will usually seek to 
keep the equipment operating at the maximum rate at wTiich the reser- 
voir rock is capable of yielding. Unit production costs wall then be 
lowest. If proration restrictions are enforced, the producer will make 
such adjustments in pump size, length and timing of stroke as will per- 
mit of realizing the allotted rate of production at the lowest possible 
unit lifting cost. 

* Bakek, W. L,, Sand Cutting Reduced by Flow-velocity Control, Petroleum Bng,^ 
Feb., 1931, pp- ^12-93, 
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Fluid Level in the Well Casing and Its Influence on 
Production Efficiency 

The rate of production of which the reservoir rock exposed to drainage 
at the wall of the well is capable at a given time will depend upon the 
differential pressure between the reservoir rock and the well, and one 
element of this differential pressure is the back pressure operative against 
the reservoir rock within the well. Back pressure in a pumping well is 
determined by the liquid level in the casing and the gas pressure main- 
tained in the annular space between tubing and casing above the liquid 
level. For minimum bottom-hole pressure, the liquid level should be 
low and the gas pressure in the annular space should be kept at a low 
value by permitting gas to flow from the side outlets of the casing head 
into a low-pressure gas-gathering system. However, minimum back 
pressure does not always result in maximum oil production, for main- 
tenance of very low back pressure may promote slippage of gas through 
the oil in the reservoir rock, with resultant high gas-oil ratios and reduced 
oil yield. 

We must distinguish between the static and operating fluid levels in 
a pumping well. If the well is shut in, liquid will rise in the casing until 
the head thereby developed is equal to that of the reservoir pressure. 
However, when the pump is placed in operation, the liquid level falls 
until a back pressure against the reservoir rock is reached, which will 
create a differential pressure sufficient to bring the requisite quantity of 
fluid into the well to keep pace with the rate at which it is being passed 
through the pump. Increasing the rate of pumping results in lower and 
lower operating liquid levels until the reservoir rock is no longer capable 
of supplying fluid rapidly enough to keep pace with the rate of pumping 
and the well ^^pumps off.^^ That is, the liquid falls to the level of the 
standing valve of the pump or to the ports of the gas anchor, if one is 
used, and gas is drawn into the working barrel from the annular space 
between the casing and tubing. 

The operating liquid level in a pumping wmll is important for other 
reasons. If the pump is to operate efficiently, it must be well submerged 
below the surface of liquid in the casing. As the operating liquid level 
falls, a point is reached at which fluid no longer enters the working barrel 
rapidly enough to keep pace with plunger displacement. The pump 
pounds fluid,’’ and its volumetric efficiency is seriously impaired. 
Working barrels are frequently set well above the level of the top of the 
oil-producing formation, so that large bodies of gas concentrated in the 
upper portion of the reservoir rock immediately below the cap rock may 
not find access to the well. Paraffin deposition, also, is promoted by 
allowing the operating liquid level to fall below the top of the reservoir 
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rock. Maintenance of high liquid levels in wells for such reasons, though 
frequently necessary, nevertheless often operates seriously to restrict 
the rate of flow of oil into the well from the reservoir rock. During the 
latter stage of productivity, when reservoir pressures have declined to 
low levels and flow into the wells is largely by gravitational seepage, 
fluid levels will necessarily fall below the top of the reservoir rock and 
the pump must be placed near the bottom of the well. If bottom water 
is not troublesome, the pump may, at this stage, be profitably placed in 
a pocket drilled below the bottom of the reservoir rock. Thus a low 
liquid level may be maintained, and yet the pump may have a suitable 
submergence for efficient operation. It will be apparent, from the fore^ 
going, that for a given set of conditions there is a certain operating liquid 
level that will be found most efficient. The most effective liquid level 
may be found by trial, studying well and pump performance for different 
liquid levels corresponding to various rates of pumping. 

Methods of Determining Fluid Level' in Wells. — Several methods for 
determining fluid levels and densities in the annular spaces in pumping 
wells have been devised. A successful method employs the ^^Deptho- 
graph, an instrument that utilizes the ^^echo method.” In applying 
this device, compressed gas is suddenly discharged into the annular 
space between the casing and tubing at the casing head. A compression 
wave, thus generated, travels down the annular space to the surface of 
the liquid in the casing, where it is reflected back to the surface. The 
time of arrival of the ^^echo,” as received and recorded by an instriiment 
at the surface, is a measure of the depth of the liquid surface. A tubing 
hanger or one or more small disks, placed on the tubing at known depths, 
assist in the depth computation. These restrictions only partly interfere 
with movement of the compression wave through the annular space but 
are sufficient obstructions to send back reflected waves. The time of 
arrival at the surface of these minor ‘^echoes” can be correlated with their 
known depths to provide a ratio that can be applied to the arrival time 
of the reflected wave from the liquid surface to compute its depth. The 
upper portion of the fluid in the casing in a pumping well is often of 
low density because of occlusion of a large amount of entrained gas, so 
that detennining the position of the top of this frothy liquid surface 
does not indicate the fluid pressure on the standing valve of the pump or 
against the face of the reservoir rock exposed in the well, unless the 
average density of the, fluid is known. If this is desired, gas pressure is 
allowed to build up in the annular space to a predetermined value by 
closing the side outlets of the casing head, thus depressing the liquid 
level in tiie casing. This pressure is maintained by a back-pressure 
regulator for a stabilizing period of 12 hr, or longer, during which time 
the pump is operated at normal speed and the rate of .production's 
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recorded at 2-hr. intervals. The pressure necessary to depress the fluid 
is a measure of the weight of fluid displaced^ and by determ iiing the 
position of the liquid surface corresponding to a certain pressure main- 
tained at the casing head the average density of the fluid can be calcu- 
lated. Two or more such determinations^ at different and accurately 
measured pumping rates, may be used to establish a productivity factor 
for a well (see page 84). 

Electrical devices have also been proposed and used to a limited extent 
for determining the fluid pressure at any depth in a well while the pump 
is at work. They have the advantage that the pressure at any desired 
depth — say at the level of the standing valve of the pump or at the mid- 
point of the perforations opposite the reservoir rock — may be continu- 
ously indicated or recorded on an instrument at the surface throughout 
a series of adjustments in rate of pumping, during which time the rate of 
production is accurately correlated with the observed “depth pressures. 
A common disadvantage of the electrical devices designed for this pur- 
pose, however, is the cost of the armored cable necessary to provide an 
electrical circuit between the surface indicating or recording instrument 
and a submerged instrument in the well. Attached to the pump working 
barrel, such instruments may be permanently installed at a pumping 
well and employed in periodically adjusting the rate of pumping and in 
diagnosing pump inefficiencies. 

Self-contained pressure-recording instruments, such as those described 
in an earlier section (see page 148), may also be employed for this purpose, 
but have to be run on the lower end of the working barrel or gas anchor 
of the pump and necessitate twice drawing out and replacing the well 
tubing every time a test is made, which is time consuming and costly. 

Factors of Importance in Obtaining High Mechanical 
Efficiency in Application of PowmR in Operation of 
^ OiL-wmLL Pumps 

The several types of prime movers suitable for use in operation of 
oil-well pumps and methods of applying power in giving the sucker rods 
their necessary reciprocating motion have been discussed in previous 
sections (see pages 278 to 293). Factors to be considered in making 
a choice of the type of prime mover best adapted for a given set of condi- 
tions have also been discussed (see page 292). Either a gas engine or an 
electric motor will ordinarily be used. Each affords an entirely satis- 
factory means of plunger-pump operation, and a choice of one over the 
other should be made after careful study of comparative costs under the 
conditions presented. 

Determination of the type of power-transmission equipment to pro- 
vide must also be given careful consideration. The standard'’ rig, 
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which provides a belt drive from the prime-mover drive pulley to a band 
wheel and a crank-pitman-walking beam mechanism for reciprocating 
the sucker rods, a device widely used in operating oil-well pumps, is 
rapidly becoming obsolete. New installations generally make use of 
one or another of the various types of pumping units (see page 309) 
that are less expensive to install and operate with greater mechanical 
efficiency. 

It will be important to select a size of prime mover of ample power for 
the work to be done, and yet it must not have so large a surplus of power 
that it will have to operate at but a small fraction of its capacity most 
of the time, with resultant loss in mechanical efficiency. Loads on the 
power plant and transmission equipment should be accurately balanced. 
A considerable saving in power and smoother pumping motion, with 
reduced strain on well equipment, may be realized by proper balancing 
(see page 296). Dynamometer tests, showing variation in load through- 
out the pumping cycle, will be helpful in securing the most effective 
balance. 

With small wells, reduction in power consumption may frequently be 
secured, without reduction in oil production, by slow-motion pumping. 
When the production of a well falls to such a point that oil entering from 
the reservoir rock is insufficient to keep the pump occupied at normal 
pumping speeds, three possibilities are presented: (1) a smaller size of 
pump of lower capacity may be installed, (2) the pump may be operated 
intermittently or (3) the speed of pumping may be reduced. Changing 
the size of pump and tubing will require a considerable capital outlay 
that may largely offset the saving in po’wer. Intermittent or “head” 
pumping, though widely practiced in the older fields, has the disadvantage 
that the fluid liead opposing admission of oil from the reservoir rock is 
eontiniially varying and for a considerable part of the time may be such 
as seriously to restrict influx of oil. Reduction of the speed of pumping 
avoids the disadvantages of the other two methods and may often be 
accomplished with existing well equipment by making a few compara- 
tively inexpensive changes in the surface power-transmission appliances. 
Pumping speeds of only one-tenth or one-twentieth of ordinary speeds — 
or as little as one or two strokes per minute — will often be sufficient to 
bring all of the oil to the surface that the well is capable of producing. 
For the average pumping well, pumping costs may be reduced 60 per 
cent or more by adopting slow-motion pumping. A 3-in. pump with a 
24-ill. polished-rod stroke and operating with 100 per cent volumetric 
efficiency is capable of lifting 20 bbl. of oil per day with only one stroke 
per minute. The speed-reduction mechanism may consist of special 
gearing or an additional pair of pulleys or sprockets on a countershaft 
with belt or chain drive and can often be provided at small cost. A 
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thousand dollars invested in speed-reduction equipment will often be 

redeemed in less than a year by saving in power cost. 

Intermittent pumping may be equally effective in power economy^ 
but less desirable from the standpoint of efficient drainage, inasmuch as 
the fluid level will be continually varying. If electric motors are used, 
an electric clock controlling a magnetic relay switch may be used auto- 
matically to start and stop the pumping mechanism at regular time 
intervals. For example, provision may be made for alternately pumping 
and resting for J^-hr. intervals; or adjustments may be made to pump 
for hr. and then rest for 1 hr. In many fields where production has 
declined to but a few barrels per day or less, intermittent pumping is 
the only feasible method. In many of the older fields of the Appalachian 
region of the United States, production has fallen to less than 1 bbl. per 
well per day, and wells are operated for but a few hours once each week. 

PRODUCTION COSTS 

The cost of producing petroleum is a matter of great economic 
importance and is of particular concern to the producer inasmuch as 
his profit is determined by the difference between selling price and pro- 
duction cost. The economic life of oil-producing properties and possible 
ultimate recovery are limited directly by unit production cost. The oil 
producer must depend upon cost data in determining which of two 
different lifting methods or systems of field exploitation is the most 
advantageous. Production costs, of course, vary widely, depending upon 
the physical and economic conditions presented in different localities, 
and they vary in different time periods with changes in the cost of labor 
and materials. In the present section, actual cost data are presented 
that have been gathered from a variety of sources. It is believed that 
these are fairly representative of production costs of recent years. In 
Chap. XII will be found a brief discussion of accounting and cost-finding 
practice and methods as applied to the business of oil and gas production. 

Average Unit Production Costs for Various United States Oil 
Fields and Producing Regions 

In 1934, the Petroleum Administrative Board of the U. S. Department of the 
Interior published the results of a detailed survey of crude petroleum production costs 
in all of the important oil fields and producing districts of the United States during 
the years 1931-1933.* A similar study was previously made by the U. S. Tariff 
Commission for the 4-year period 1927-1930. Table XVII presents a summary of the 
combined results secured in these two surveys for the 7-year period 1927-1933 and 
shows the average cost, during this period, of producing a barrel of crude petroleum 

* U. S. Dept. Interior, Petroleum Administrative Board, Preliminary Report on 
a Survey of Crude Petroleum — Cost of Production for the Years 1931-1933 and 
Comparison with Years 1927-1930, 74 pages, 1934. 
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in each of the four principal producing districts and average figures for all United 
States fields. The cost data upon Avliieh these figures are based were representative 
of upwards of 70 per cent of the total oil production of the United States during the 
period 1931-1933. It will be iiot:ed that these figures include development, depletion, 
depreciation and overhead and administrative costs, as well as routine operating cost, 
and thus represent the total cost of production. It should also be noted that the 
volume of oil used in computing these unit costs is the producer’s share of the oil, 
after deducting from gross production the percentage due the royalty owner. Also, 
natural gas is produced with the oil in practically ail fields and should be made to 
bear soiiie share of the total cost in any comparison of gross income with production 
cost. III the original tabulations, the value of the gas was credited to production 


Table XVIL—Summaey of Unit Psoduction Cost in Principal Petroleum 
Producing Regions op the United States, 1927-1933'^' , 


Region 

California 

^Mid-continent 
Gulf area 

Rocky 

mountain 

area 

Eastern 

area 

Average, all 
regions 

I'Toriuelion, hl.'fl 

866,174,973 

2,775.815,363 

62,086,118 

129,729,947 

3,833,806,401 

Expeii.ses: 

Depletion 

s.os 

S.09 

S .26 

S .02 

8 .10 

Depreciation 

.17 

. 15 

.21 

.28 

.16 

Amortization of intangible 






(ievelo|,uaent cost 

.17 

.15 

.11 

.22 

.16 

Oper;i.ting cost 

.23 

.24 

.34 

.70 

.25 

General overhead and admin- 






i.strative cost 

.10 

.30 

.18 

.27 

.26 

Total cost. 

.81 

.93 

1 . 10 

1.67 

.93 

Deduct gas sales and miscellanc- 
ous revenue 

.19 

.05 

.07 

.12 

.08 

Net cost. 

.62 

.88 

1.03 

1 , 55 

.85 

Interest, on investment 

.11 

.09 

.17 

.30 

.10 

Net cost including interest 

.73 

.97 

1.20 

1 . 85 

.95 

Average selling price 

.96 

.98 I 

1 . 08 

1.82 

1.01 


^ From Preliminary Report on a Siirv 


■ey of Crude Petroleum Cost of Production, XJ. S. Dept. Interior, 


Petroleum Administrative Board, 1934. 


cost and thus operated to reduce the total cost, but the figures of Table XVII do not 
include this deduction. TOien a period extending from a time of marked industrial 
prosperity to one of great industrial depression is spanned, it is believed that the 
figures may be regarded as fairly representative of the average cmst of production for 
thcj prestait-cfay American petroleum industry. It is interesting to note that, in the 
general avi'rage, operating cost is only 27 per cent of total production cost and is less 
than the general overhead and administrative expense. It is also considerably less 
tiiais the capital amortization charges, including the depletion, depreciation and 
iniangibh' development-cost items, which aggregate 45 per cent of the total cost. 
Unii production costs during the last few years of this 7-3?^ear period, were trending 
downward. Tlie Tariff Commission’s survey showed an average cost for the period 
1927-4930 of SI. 07 per barrel. The Petroleum Administrative Board’s surveyji.idi- 
cated a comparable cost of ' $ 0,848 for 1931 , $0,753 for 1932 and $0,665 for 1933. 
These progressive reductions were necessitated by lower oil prices, occasioned by 
depressed conditions in industry, and were made possible by taking a large percentage 
of the gross production from low-cost fields, such as East Texas. 
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Table XVIII presents a more detailed analysis of the operating and general over- 
head and administrative items of Table XVII, but relates only to the 3 - 3 ^ear period 
1931-1933. It will be noted that labor is the largest single item of operating expense, 
representing nearly one-third of the total operating cost, and that taxes, fuel, power 
and water and repairs and maintenance are also large items in this division. Among 

Table XVIII. — Presenting Detailed Analysis op Operating and General 
Overhead and Administrative Production Costs in Principal 
Petroleum-producing Regions of the United States, 

1931-1933* 



i 

California 

Mid-conti- 
nental and 
Gulf Coast 

area 

Rocky 

Mountain 

area 

Eastern 

area 

Average, all 
regions 

Production, bbl 

93,251,876 

146,173,588 

7,271,017 

13,886,798 

260,583,278 

Operating cost: 






Superintendence 

$.010 

$.009 

$.021 

i $.011 

$.010 

Labor 

.043 

.062 

,086 

j .284 

.069 

Repairs and maintenance 

.028 

.017 

.018 

.067 

.024 

Fuel, power and water 

.027 

.019 

.068 

.047 

.025 

Tools and supplies 

.006 

.007 

.023 

.031 

,009 

Cleaning out 

.003 

.003 

.007 

.020 

.004 

Treating plant 

.007 

.002 

.001 

.001 

.004 

Insurance 

.003 

.003 

.001 

.007 

.003 

Ta.xes 

.045 

.030 

.042 

.067 

.038 

Teaming and trucking 

.004 

.007 

.005 

.018 

.006 

Miscellaneous 

.040 

.024 

.068 

.023 

.031 

Total operating cost 

General overhead and administrative 

.216 

.183 

.340 

i .576 

.223 

expenses: 






Salaries and office expense 

.051 

.057 

.063 

.091 

.057 

Engineering and geological expense. . , 

.020 

.027 

.011 

.003 

.024 

Land and lease department 

.012 

.012 

.010 

.008 

.012 

Dry holes 

.011 

.021 

.010 

.009 

.018 

Lease rentals 

.010 

.038 

.018 

.028 

.031 

Leases, undeveloped, canceled 

.021 

.091 I 

.057 

.034 

.073 

Leases, undeveloped, amortized 

.007 

.027 ! 

.003 

.002 

.021 

Other expense 

.056 

.034 

.025 

.077 

.040 

Total 

.188 

.307 

.197 

.252 

-276 


From Preliminary Report on a Survey of Crude Petroleum Cost of Production, U. S. Dept, of 
Interior, Petroleum Administrative Board, 1934. 


the general overhead and administrative items, the costs of acquiring and carrying 
undeveloped leases seem to be inordinately large items. 

Table XIX presents unit production cost data for the 1931-1933 period for a 
number of individual American oil fields. Table XX gives the cost items that go to 
make up unit operating expense for the same fields. Reasons for the considerable 
variation in the several cost items for different fields are readily found on considera- 
tion of operating conditions. For example, Kettleman Hills, Oklahoma City, East 
Texas and Hobbs operating costs are low because the individual wells are compara- 
tively large producers, and oil is brought to the' surface largely by natural-flow 
methods. Though the wells are shallow and daily well operating costs are low, the 
Pennsylvania fields show a relatively high unit operating cost because the individual 
wells are, as a rule, very small producers. Important differences are noted in the 
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Table XX. — Analysis of Unit Opeeating Expense for Various United States Oil Fields, 1931-1933 Inclusive 
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depreciation and depletion items for different fields. These reflect differences in age 
of fields, visible reserves, royalty agreements and cost of land acquisition. 

In every oil field there are, of course, great differences in unit production cost for 
different wells, depending chiefly upon their individual rates of production. Table 
XXI presents an analysis of the data of Tables XIX and XX and shows the per- 
centages of production obtained withha different cost limits. The table shows, for 
example, that nearly 25 per cent of California's petroleum is produced at a cost of less 
than 40 cts. per barrel, though a greater part (upward of 46 per cent of the total) 
costs between 40 and 79 cts. per barrel. Mid-continent and Gulf fields also produce 
the greater part of their oil within the 40- to 79-ct. price range. It is shown that the 
Rocky Mountain and Appalachian fields produce a considerable part of their oil in 
the higher price ranges. More than half of the Appalachian oil costs upwards of 
SI. 20 per barrel. 


Table XXI. — Percentages of Production Obtained within Different Cost 
Limits in Principal Petroleum Producing Regions of the United States, 

1931-1933='^ 


Region 

California 

Mid-conti- 
nent and Gulf 
Coast area 

Rocky 

Mountain 

area 

Eastern 

area 

Aver- 
age, all 
regions 

tV-39 cts. per bbl 

24.62 

7.89 

3.52 

1.07 

11.23 

40-79 cts. per bbl 

46.39 

51.46 

20.24 

12.24 

48.10 

80cts.-$1.19 per bbl 

19.54 

26.84 

31.89 

12.27 

24.73 

$1.20-S:l.59 per bbl 

6.30 

9.96 

32.97 

23.13 

10.15 

81.60-S1.99perbbl 

1.96 

2.56 

8.06 

22.31 

3.35 

$2.00-$2.39 per bbl 

0.20 

0.79 

2.10 

15.31 

1.28 

$2.40~$2.79porbbl 

0.39 

0.24 

0.81 

7.39 

0.57 

$2.80-83, 19 per bbl 

0.15 

0.14 

0.22 

3.16 

0.27 

S3,20~.fS.59 per bbl 

0,23 

0.05 

0.08 

0.94 

0.13 

$3.60-83.99 per bbl 

0.12 

0.03 


1.31 

0.10 

$4.00-84. 39 per bbl 

$4 . 40 and over 

0.03 

0.07 

0.01 

0.03 

0.11 

0.39 

0.48 

0.03 

0.06 


* From Preliminary Report on a Survey of Crude Petroleum Cost of Production, 
U. S. Dept. Interior, Petroleum Administrative Board, 1934. 


Lifting Cost 

The unit cost of lifting oil from wells varies within wide limits and is influenced by 
many factors.'^' The cost of operating a wvdl per day or per month does not dimmish 
in proportion to its rate of production, hence the unit cost per barrel of oil brought to 
the surface increases rapidly as the rate of production diminishes. Production by 
natural flow is cheaper than by other lifting methods. Pneumatic methods, such as 
the gas lift^ are more costly when calculated on a per well-day basis, but the unit cost 
is often less than by mechanical methods because of the greater rate of production 
normally obtained during the period when pneumatic methods are used. Unit pump- 
ing costs increase as the depth of the well and height of lift increases. Wells requiring 

Moobe, C. L., and Stark, H. S,, Reduction of Lifting Costs through Close 
Inspection of Production and Equipment Records, “Drilling and Production Practice, 
1934,'' pp. 62-72, Am. Petroleum Inst. ■ ' . 
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more than the usual amount of cleaning-out work and repair of equipment, of course, 
produce at greater cost, whether cost is computed on the per barrel or per well-day 
basis. Wells that produce a large amount of water with the oil develop higher-than- 
normal production costs because of the greater volume of fluid pumped and because 
of the added cost of separating water from the oil. When mechanical pumping is 
employed, the lifting cost will vary with the character of prime mover employed in 
supplying power and with the efficiency of power application. 

Influence of Rate of Production on Unit Lifting Cost. — Influence of production 
rate of wells on unit lifting cost is well demonstrated by data gathered by the U. S. 
Bureau of Mines in 1921.* In this study, cost data were assembled from 57 groups of 
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{A/ter H. C. George, U. S. Bur. Mines.) 

Fig. 232. — Graph for estimating cost of producing oil. The solid-line curve shows the 
average lifting cost for 4,497 wells of all types in widely scattered fields of the United 
States. 

properties in various American oil fields, with a total of 4,497 wells of all types. Lift- 
ing cost was found to range from 4 cts. to $4.86 per barrel of production, or from $2.93 
to $467 per well per month. The full-line curve of Fig. 232 shows the average cost 
per barrel for wells of varjdng output. The area covered by the dotted curves includes 
all data gathered in the course of this investigation. The parallel dotted curves are 
useful in predicting future cost of production if established cost figures do not conform 
with the average curve. For example, a wmll now producing 40 bbl. per day at a cost 
of 20 cts. per barrel will, on declining to a rate of 0.8 bbl. per day, produce at a cost 
of about $1.50 per barrel. This assumes that the relationship between the various 
cost factors does not change in the interim. 

Influence of Depth of Well on Lifting Cost. — As the depth from which fluid is 
lifted increases, more power is required, well equipment requires more frequent atten- 

* George, H. C., Lifting Costs at Oil-well Properties^ U, S, Bur, Mines, Reps, of 
Investigations 2530, 8 pp., 1923, 
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tion, maintenance problems are accentuated and production costs increase. A. C. 

gives direct labor and material costs for groups of wells of varying depths in 
the Midway field of California. Per well-day costs range from $2.40 for 710-ft. wells 
to S5.80 for 2,600-ft. wells. 
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SECONDARY METHODS OF OIL RECOVERY 

In a previous chapter, it has been shown that the most efficient 
methods of well operation and control yet developed, utilizing only the 
natural forces latent within the virgin oil deposit, are incapable of securing 
more than a small percentage of the oil originally present in the reservoir 
rock. Nature has apparently provided an insufficient amount of energy 
to accomplish expulsion of a larger percentage by the methods of exploi- 
tation commonly employed. More efficient methods of primary exploi- 
tation ma}^ yet be devised, but meanwhile oil producers are interesting 
themselves in methods of securing an additional ^^crop” of oil by appli- 
cation of artificially developed energy to partially depleted reservoir rocks. 

Many petroleum deposits have reached or are approaching economic 
exhaustion, in so far as utilization of natural energy is concerned, and 
yet contain upwards of 75 per cent of their original oil content. In 1925, 
a committee of the American Petroleum Institute estimated that oil fields 
in the United States, discovered prior to tliat time, contained 26 billion 
barrels of oil not recoverable by use of natural energy. This estimate 
assumed that one-third of the oil originally present was recovered by 
primary recovery methods, leaving two-thirds available for secondary 
exploitation. Less conservative estimates based on discoveries prior to 
1936, assuming an average recovery of one-seventh of the original oil 
content, indicate reserves in present-known American fields, available 
for exploitation by secondary recovery methods, as high as 100 billion 
barrels. 

Development of methods capable of increasing recovery, by improved 
systems of exploitation, constitutes one of the most important problems 
confronting the petroleum industry. Many field experiments and labora- 
tory research projects have been directed toward this end, and notable 
progress is being made. Fragmentary knowledge of several secondary 
methods of recovery, which have already reached a fair state of develop- 
ment, offer definite promise of success in this direction. These involve 
application of artificially developed energy or of forces not naturally 
brought to bear in production by commonly used methods of flowing and 
pumping. They include application of vacuum to wells, gas- or air- 
injection methods, methods involving flooding of the reservoir rock with 
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water or aqueous solutions containing water-soluble flooding agents and 
methods of extracting oil through mine openings. ^ 

Distkibution of Residual Oil in a Paetially Depleted 

Reseevoib Rock 

Before discussing the several secondary recovery methods, it will be 
desirable to consider the distribution of oil and gas as it is left in the 
reservoir rock after the low^er economic limit by primary recovery methods 
has been reached. If the wells have been pumped until even the slow- 
acting force of gravity no longer brings oil to them, the reservoir rock in 
their immediate vicinity may be completely exhausted of all free-draining 
oil; but, far back in the reservoir rock at points remote from the wells, 
the natural drainage slopes and high resistance offered by the minute 
pore spaces, through which the fluids must pass, will have caused the 
rock to remain highly saturated with oil. 

The oil mass will be permeated with globules of gas of varying size, 
though these globules tend to escape slowly to the more fully drained 
space in the upper part of the reservoir stratum, which remains saturated 
with gas under low pressure. The rock surfaces in this upper gas-filled 
zone are still w^et with adherent oil; but all surplus oil, beyond that 
necessary to wet the sand surfaces and form numerous minute filaments 
held by adhesion in the re-entrant angles between grains, will have settled 
under the influence of gravity to the lower part of the productive stratum. 
A certain zone above the bottom of the stratum and above the normal 
gravitational surface of the oil mass will be maintained saturated with 
oil by the influence of capillary force. The lower part of the stratum is 
thus left saturated with oil, whereas the upper part, though still oil-wet, 
contains relatively little oil. Instead, the rock pores are filled with gas. 
Thus a channel is formed through which any additional gas, which 
may escape from the oil, can flow with comparative freedom to the well 
outlets. 

In such an oil-reservoir stratum, containing residual oil and gas in 
the condition described, the natural forces originally latent within the 
deposit have been largely dissipated, and such energy as still remains 
within the residual low^-pressure gas is counterbalanced by the retentive 
forces opposing movement of the rock fluids. Equilibrium between the 
expulsive and retentive forces is attained, and no further readjustments 
can occur unless the physical conditions surrounding the system are in 
some way altered. The secondary recovery methods are effective in 
altering this equilibrium condition, either by appl3dng artificially created 
energy to restore the expulsive force necessary for continued production, 
or by reducing the resistance offered by the reservoir rock to movement 
of the residual fluids toward the well outlets. 
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PRELIMINARY FIELD STUDY TO DETERMINE APPLICABILITY OF 
SECONDARY RECOVERY METHODS 

Before selection of the recovery method to be employed and prior to 
attempting its application, it is desirable that a thorough engineering 
study be made of the field conditions that may influence its ultimate 
success. In this study, all available well data should be assembled, 
together with such information as may be available relative to water 
conditions, volume of gas and sand produced with the oil, thickness, 
lithologic character and uniformity of texture of the reservoir rock and 
initial-production and production-decline data. 

An effort should be made to form some estimate of the volume of residual oil left 
in the reservoir rock by the earlier exploitation and the distribution of residual oil, both 
laterally and vertically, within the productive formation. This may be approached 
by computing the original oil content of the reservoir from the logged thickness at 
different wells and probable average porosity and saturation. The production records 
of the wells will show what percentage of the original oil content of the reservoir has 
been recovered by primary exploitation, and the character of the reservoir rock and 
properties and distribution of the oil will be suggestive of the additional recovery 
that might be expected tliroiigh application of secondary methods. The more perme- 
able areas and component strata within the reservoir rock and the areas near the wells 
are more thoroughly drained by primary exploitation than other less permeable and 
less favorably situated areas. We may, therefore, expect to find a larger percentage of 
the original oil in the less permeable strata and in areas remote from the wells pre- 
viously operated. However, the more permeable portions of the reservoir rock may 
yet contain a large part of the residual oil. Though the percentage recovery is higher 
from such rocks, their porosity and original oil content is large and the net residual 
oil remaining after primary exploitation may exceed that of the less permeable areas. 

The thickness and character of the reservoir rock, throughout the area to be 
drained, can best be determined by drilling new wells between the older wells, coring 
the entire thickness of the producing formation. The diamond drill is well adapted 
to this type of work, producing a complete core that is more truly representative of 
the reservoir rock than any otlier type of formation sample. In well-indurated rocks, 
such a core will show every detail of bedding and will even indicate, in a qualitative 
way, the character of the fluids present in each.* Special sampling devices are also 
available, designed for securing wall samples from wells previously drilled, but they 
are only applicable where the wells are not cased. Representative formation sam- 
ples, thus obtained, are subjected to laboratory tests to determine porosity, grain-size 
distribution, permeability and oil saturation, f As a result of careful sampling and 
analysis of this character, it is possible to construct profiles showing variation of these 
factors throughout the entire thickness of the producing formation. Such profiles 
indicate those component strata of the reservoir rock that contain the most oil and 
are suggestive of ways of applying secondary recovery methods. 

* Zook, R. T., Yalue of Core Studies in Fluid Drives, Oil Gas Jour.^ July 12, 1928, 
p. 90. 

t Methods of, coring, sampling and testing formation samples are described in 
vol. I of this work, ^^Oil Field Development.’^ See particularly pp. 178, 253, 262, 
455-480 and 50a ■ 
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Still another method of determining the relative permeabilities of different strata 
penetrated by a well is that of applying a uniformly high-gas pressure to each stratum 
and noting the rate at which gas enters the formation. This may conveniently be 
accomplished by lowering a column of tubing with a short section of perforated pipe 
on the lower end and equipped with two adjustable packers, one above and one below 
the perforated section. The lower end of the column of tubing is closed. By setting 
the packers against the wall of the well and forcing compressed gas down through the 
tubing, the gas has access to the formation only between the two packers. The 
volume of gas entering the formation under a constant pressure, determined by meter- 
ing, becomes a measure of the permeability of the particular section under test. By 
starting at the bottom of the well and testing at short intervals up the hole in this 
way, we may determine the relative permeabilities of all producing strata. 

We may also form some opinion concerning the characteristics of the reservoir 
rock penetrated by each well, by inspection of the production records of the individual 
wells. Those developing the larger initial productions at a given time, and under 
comparable reservoir pressures, are wells that are surrounded by more permeable 
reservoir rocks. For wells having comparable structural positions, those producing 
with lower than normal initial gas-oil ratios are probably producing from more perme- 
able reservoir rocks. The development program followed in spacing and timing the 
drilling of wells may also afford an indication of the recovery efficiency achieved by 
primary exploitation. Widely spaced wells leave much of the oil unrecovered between 
the old locations. Delay in drilling wells, in terms of the rate of surrounding develop- 
ment, thus permitting undue loss of reservoir pressure before ail wells are drilled, 
results in a low percentage primary recovery; hence, properties that have been handled 
in this wa}^ are especially attractive for secondary exploitation. Wells that have been 
provided with, or naturally develop, large cavities about them within the reservoir 
rock secure more eff'ective drainage than do wells of normal diameter, and thus leave 
a smaller percentage of the original oil content of the reservoir rock available for 
secondary exploitation. If a well is subjected to vacuum, the way in which its produc- 
tion rate responds to the reduced pressure will afford information that will assist in 
estimating the permeability of the reservoir rock. 

The method employed in operating a well and the condition in which it has been 
maintained throughout its productive life will also be of value in estimating recovery 
efficiency. Presence of an active edge water in one or more of the constituent mem- 
bers of the reservoir rock open to the well may make application of certain methods of 
secondary recovery in its vicinity inadvisable. High gas-oil ratios usually mean 
relatively low percentage recovery in primary exploitation for the pool as a whole but 
may result, locally, in high percentage yields in the reservoir rock immediately about 
the wells through which the gas must pass. Where gas is the principal expulsive 
medium, high initial field pressures afford more energy for oil recovery and, if properly 
utilized, leave less oil available for secondary exploitation. Since initial-formation 
pressure increases with depth, it follows that higher percentage oil recoveries are 
ordinarily obtained from deep-seated oil deposits than from shallow deposits. 

INCREASING OIL RECOVERY BY APPLYING VACUUM TO WELLS 
Theoretical Aspects 

Realization of the fact that it is the difference between the pressure 
existing in the reservoir rock and that within the well which causes oil 
to flow will aid one seeking a proper concept of the influence of vacuum 
when applied to oil wells to stimulate recovery. By subtracting pressure 
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from that normally existing within the well, we increase the differential 
pressure between the reservoir rock and the well. Within the pressure 
limits, afforded by vacuum, the result obtained is identical with that 
secured by increasing pressure in the reservoir rock by a like amount.* 

In addition to the increased differential pressure between the reservoir 
rock and the well, made possible by application of vacuum, evacuation 
of gas and vapor from the oil-drained spaces of the reservoir rock into 
the wells encourages great quantities of gas and vapor to escape from 
solution in the residual oil, with the result that recovery of condensable 
hydrocarbon vapor is greatly stimulated. The surfaces of the partially 
drained pores of the reservoir sand are left wet with oil after natural 
drainage, and great quantities are held within the minute capillary 
openings and re-entrant angles between grains. These films, thus spread 
out over enormous areas, are left saturated with dissolved gas and low- 
boiling hydrocarbons capable of assuming the vapor phase on slight 
reduction of pressure. Evacuation of gas and vapor from the oil-drained 
spaces, together with reduction in pressure, causes a large part of the 
high-vapor pressure components of the oil to escape from these surface 
films. Large volumes of gas and vapor, so liberated, sw^eeping through 
the pore spaces of the rock toward the w^ell outlets carry considerable oil 
along through the drainage channels, and thus recovery of oil as well as 
of gas and condensable vapor is increased. It should be remembered 
that the gas energy brought to bear in driving oil from a sand is a product 
of both pressure and volume. In the vacuum process, increase in pressure 
is slight, but increase in gas volume may be large and energy available 
for moving oil is proportionately increased. 

The evaporation effect created within the reservoir rock due to appli- 
cation of vacuum is emphasized by Lindsly and Berwald,^ wdio point out 
that a cubic foot of average oil sand presents a grain surface of upwards 
of 2,000 sq. ft. and that, if the sand is 30 ft. thick, the equivalent of 
about 3.1 square miles is exposed by the oil sand to gas drainage wuthin 
21.5 ft. of the w^all of a penetrating well. That is, if vacuum applied to 
the w^ell is successful only in influencing an area 21.5 ft. in radius about 
the well, it may draw vapor from a sand surface of 3.1 square miles. 
Under favorable sand conditions, it is quite certain that the reduced 
pressure will influence a much greater area. On the assumption that the 
reduced pressure, after prolonged application of vacuum, extends over a 
drainage radius of 300 ft., the area of oil-wet sand surface made tributary 
to the w^ell is upwards of 608 square miles. 

Vacuum is a term that is rather loosely applied, signifying a pressure 
below the , prevailing atmospheric .pressure. Absolute vacuum is not 

* Ueen, L. C., Ixiereasing Oil Recovery by Applying Vacuum to Wells, National 
Feirolmm Vcws, July 13, 1927, pp, 67-75. 
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attainable in oil-field operations, and we are, therefore, concerned with 
relative or partial vacuum. The extent to which the pressures attained 
approach absolute zero depends upon the sand conditions, the security 
of the transmission lines and well-heads against leakage and the mechani- 
cal efficiency and capacity of the vacuum pump employed. The maxi- 
mum vacuum or minimum pressure practically attainable in oil-field 
operations is about —12-lb. gage pressure or, in absolute pressure, the 
equivalent of 5.5 in. of mercury. Such a negative pressure is unusual, 



{After n. E. Lindsly and W, B, Berwald, U. S. Bur. Mines.) 


Fig. 233. — Graphs showing effect of vacuum on oil production, oil gravity and gasoline 
content of gas from a coarse-grained, highly porous oil sand. 


however, in practical operations, and —7 or —8 lb. gage pressure is a 
better average working figure. 

Changes in character of the oil and gas are a matter of common 
observation wherever petroleum is produced under the influence of 
vacuum. The gasoline content of the gas in some instances is increased 
as much as 7 gal. per thousand cubic feet. The density of the oil on the 
other hand is increased, being in some instances as much as 3 deg. lower 
in A.P.I. gravity after application of vacuum than before. Figure 233 
presents results of a field test in which vacuum was applied to a well 
over a period of 7 months. Toward the end of this period, vacuum as 
high as 18 in. of mercury (12 in. absolute pressure) was attained. When 
vacuum was first applied, production was at once increased from about 
38 to 68 bbl. per day, though the vacuum developed was only 3 in. of 
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mercury (27 in. absolute pressure). Subsequently, at higher vacuum 

(about 17 in,), production attained a maximum rate of 105 bbl. per day. 
The well produced from a very coarse, higiiiy porous and permeable 
sand and was quite sensitive to small changes in operating conditions, 
as evidenced by the variable characteristics of the oil-production graph. 
As the vacuum increased, the A.P.I. gravity of the oil was reduced from 
35.6 to 32.9®A.P.L, whereas the gasoline content of the gas was increased 
from less than 3 to 6 gal. per thousand cubic feet. In this test, it was 
definitely proved that the influence of the vacuum extended as far from 
the vacuum well as another well situated 1,500 ft. distant. 



)^rs 

{After B. E. Lindsly and If. B. Bcrwald, U. S. Bur. Mines.) 

IFig. 234. — Graphs showing increase in recovery due to ax>plication of vacuum, from a group 
of wells in the Glenn pool, Oklahoma. 

Ability of vacuum to produce additional oil depends largely upon the 
texture of the reservoir rock. If it is coarse-grained, if the permeability 
is high and the beds are fairly continuous, vacuum will in all probability 
be successful in increasing oil recoveiy. On the other hand, if the sand 
is fine grained and the permeability is low or if the sand is “broken’’ by 
lenses or “stringers” of shale, vacuum may have little effect. The char- 
acter of the oil also has a controlling influence on the effectiveness of 
vacuum, the denser and more viscous oils responding less readily than 
the lighter and more mobile oils. 

Figure 234 presents graphs that illustrate beneficial effects of vacuum 
in increasing ultimate recovery from certain properties in the Glenn pool 
of Oklahoma, where ultimate recovery, w’-as increased by as much as 
9 per cent above, what would have been possible without vacuum.. 
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The period of stimulated recovery in this instance extends over 12 years, 
though the greater part of the increased production was secured during 
the first 5 years. Reservoir conditions in this field are probably espe- 
cially favorable for application of the vacuum method. 

It seems probable that the effect of vacuum is largely confined to the 
oil-drained spaces from which oil production has been secured. In the 
^Hight’’ sand areas that are left relatively undrained, the sand surfaces 
are not exposed to evaporation and, consequently, the dissolved gases 
and vapors are not vaporized as in the more open sand areas. However, 
inainteiiance of reduced pressure gradually brings the tight sand areas 
under influence by slow drainage into the surrounding more porous 
sands. The prolonged drainage effects, extending in some cases over a 
period of many years, can be explained on the theory that the tighter 
sands are only slowly invaded in this way by extension of vacuum 
conditions from surrounding coarser and more permeable areas. The 
limit of usefulness of the vacuum process is reached when all the gas and 
vapor available at the maximum possible vacuum attainable has been 
removed. Inasmuch as this may be effectively accomplished within a 
few months in a small area, the continuity of the process is dependent 
upon new and relatively uiidrained bodies of sand being continually 
subjected to the influence of the reduced pressure. 

There is a certain period in the productive lives of some pools in 
which vacuum may be profitable, though in earlier periods it may be 
unprofitable. Gas flows more readily through sand than oil, and an 
increased pressure differential will often accentuate this tendency of gas 
to monopolize the drainage channels. Application of vacuum while the 
gas pressure is still high may induce a higher gas-oil ratio, and in some 
cases a decrease in ultimate recovery also results in comparison with 
what might be secured by natural recovery. 

Practical Aspects of Vacuum Pumping 

The vaciiimi process is one that has become well established in the older American 
fields. The method was used in the Triumph pool in Pennsylvania as early as 1869, 
only 10 years after completion of the first American oil well, and later attained exten- 
sive use ill the oil fields of the Appalachian and mid-continent fields of the United 
States. Many thousands of ivells are now operated under vacuum and have been for 
many years. 

In applying vacuum to wells, they are equipped wdth plunger pumps of ordinary 
pattern and with tubing and rods extending through gas-tight casing heads. One of 
the side outlets of each casing head is connected, by a system of piping, with a vacuum 
pump of adequate capacity or with the intake side of a gas compressor. Often the 
compressors of the extraction plant used in recovering gasoline from the gas will serve 
also as a means of maintaining vacuum on the wells. Vacuum mains extend from the 
plant, whereas laterals of smaller diameter connect with the individual wells. 
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Every precaution must be taken to avoid leakage of air into the vacuum system, 
parti( 3 ularly about the casing heads where such leaks are most likely to occur. An 
effort is made to reduce friction in the mains to as low a value as possible, for pipe 
resistance reduces the effectme vacuum developed within the reservoir rock. Even 
with the best possible design and the best pumping equipment, there is an inevitable 
loss through friction, valve inefficiency and minor leakages in the surface equipment. 
There is also a further loss due to the frictional effect of moving gas between the casing 
heads and the productive formation. Frictional losses, will of course, increase with 
the quantity of gas flowing. 

Occasionally, when the central vacuum plant is situated at a considerable distance 
from the wells on outlying portions of the property served, auxiliary pumps called 
^'boosters,” located in the vicinity of the more remote wells, may be provided to assist 
the central plant in maintaining an approximately uniform vacuum in all parts of the 
system. In some cases, a small vacuum pump is placed at each individual well, often 
operated by a '‘tail pump’’ on the opposite end of the walking beam from that to 
which the polished rod of the well pump is attached. 

The well equipment is identical with that used in an ordinary pumping well, and 
operation is much the same, except that for successful results it is desirable to maintain 
the fluid level in the well below the top of the productive formation. Generally, in 
ordinary pumping practice, the fluid level is not permitted to fall below the top of the 
productive formation, thereby preventing escape of large quantities of free gas from 
the reservoir rock as well as paraffining of the reservoir rock where it is exposed in the 
wall of the well. In vacuum pumping, on the other hand, every effort is made to 
encourage gas movement and the fluid level is therefore maintained below the top of 
the reservoir rock, in order not to interfere with the escape of gas and vapor to the 
well, thus permitting the reduced pressure effect to work far out into the open spaces 
of the reservoir rock. 

When it is remembered that the greater part of the resistance to flow of gas and 
vapor oc‘curs in ilie immediate vicinity of the wall of the well, it is clear that a con- 
side ral)le advantage would be gained, both in oil recovery and in more effective and 
extensive range of influence of the vacuum, if a large cavity is formed about the well 
within the reser\'oir rock. When vacuum is applied to a well penetrating a body of 
uneonsoiidat(Mi or semiconsolidated sand, caving of the walls of the well is often 
induced and large quantities of “float” sand and shale may enter the well. Accumu- 
lated detrital material of this character will, in "a short time, interfere seriously with 
continued production, requiring frequent cleaning out of wells. At such times as 
clean-out or repair jobs are in progress, the casing head must, of course, be left open 
to the atmosphere and air is drawn into the reservoir rock, driving oil away from the 
well. After such an interruption in service, vacuum must be applied for several days 
or even weeks before the well again produces oil. 

Economic Aspects op Vacuum Pumping as Applied in 
Stimulating Oil and Gas Production 

Although vacuum has served a useful purpose in securing large quantites of low- 
pressure gas and low-boiling vapors that could not be extracted by natural recovery 
methods, it is an expensive process, and it is doubtful if in many cases it would prove 
profitable from the standpoint of increased oil recovery alone. Considering the 
combined value of the gas for gasoline-recovery purposes and that of the additional 
oil secured, however, vacuum pumping is often profitable. The economic result may 
be influenced adversely when the oil is sold on a gravity basis, loss in value of the- nil 
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due to decreased A.P.I. gravity and volume, at times, exceeding the increased revenue 

due to gasoline production. 

Once applied, vacuum must be continued; for, if vacuum is taken off, the wells 
cease to produce entirely. If unsuccessful in increasing gross income, use of vacuum 
will entail decrease in ultimate revenue, as operating costs by this method are con- 
siderably in excess of the cost by natural methods. The higher unit cost in this case 
diminishes the economic life of the well and thus reduces ultimate recovery. Applica- 
tion of vacuum to his wells by one operator in a field obligates all his neighbors, #nd 
eventually all producers in the field do likewise, for the user of vacuum takes an unfair 
advantage of his neighbors if they are operating under natural pressure. This con- 
sideration has led several state legislatures to pass laws prohibiting its use. In other 
jurisdictions, the method can be used only by agreement among all operators con- 
cerned or with the approval of state regulatory officials. In addition to these dis- 
advantages of the vacuum method, many operators also believe that it encourages 
water incursion, edge water sometimes advancing rapidly and irregularly into the 
areas of lower pressure. 

GAS-INJECTION METHODS OF STIMULATING OIL RECOVERY 

After production has proceeded for a time in an oil field, so that 
reservoir pressure has been reduced, we may restore or partially restore 
pressure in the reservoir, and thus provide new energy for expelling residual 
oil, by injecting high-pressure gas into the partially drained pore spaces 
of the reservoir rock. Natural gas, air, flue gases, exhaust gases from 
internal-combustion engines or other inexpensive gases may be used for 
this purpose. Compressed gas, so introduced from an extraneous source, 
carrying latent within it the energy with which it has been endowed during 
the process of compression, provides a new expulsive force that effects 
additional oil recovery by the same natural processes as those which 
caused the original natural gas to expand and expel oil from the pores of 
the reservoir rock. Customary practice provides that certain favorably 
situated wells penetrating the reservoir stratum shall be used exclusively 
as a means of injecting compressed gas into the reservoir rock, while 
other wells shall be operated in the usual manner for oil production. 

Three different systems of applying extraneous gas pressure in the 
manner described are recognized, the operating procedure differing some- 
what in each case. In one of these, which is called '^pressure restoration,’^ 
gas is forced into the productive formation at the locations where condi- 
tions seem favorable, while all other wells are shut in until pressure is 
restored throughout the entire reservoir. Several months, or perhaps a 
year or more, will be necessary to build up the desired pressure. The 
voids in the reservoir rock are thus filled with high-pressure gas, some of 
which is taken into solution in the oil. When the desired field pressure is 
reached, gas injection is stopped, and all of the wells are permitted to 
produce under the influence of the artificially developed field pressure. 
After the artificial reservoir pressure, thus developed, has become 
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exliaiisted by continued oil production, the entire process may be repeated 
if the probable value of a third ^^crop’’ of oil justifies the cost. 

The second system of applying extraneous gas energy to a pool is 
called pressure maintenance.^’ Here, instead of waiting until the 
iiatiiral gas pressure in a pool is nearly exhausted, gas flowing from the 
producing wells, after separation from the oil, is recompressed and injected 
into selected key vrells; thus, some wells are operated as injection 'wells, 
and others are operated as producers. There would seem to be no neces- 
sity for operating wells through long years of declining production at 
high unit production cost; for, by maintaining the reservoir pressure at 
a point well up toward the maximum initial field pressure, a high rate of 
production can be maintained and the ultimate recovery obtained in a 
shorter time and at a materially reduced unit production cost. Inci- 
dentally, the ultimate recovery will in all iirobability be higher by this 
metliod, as drainage influence wall be maintained over a maximum area, 
and th(‘re v'ill be less loss of oil in the sand owing to viscosity increasing 
with esca[)e of dissolved gas. 

The lliird method of applying extraneous gas energy in stimulating 
oil recoi'ery may appropriate]}^ be described as a ^^gas drive.'’ In this 
pj‘0(‘ess, gas is forced into the reservoir rock at certain selected wells 
wh(?re conditions are favorable while simultaneously w'ithdrawdng gas 
and oil from others. Eelatively high pressure is maintained in the 
vicinity of the gas-injection wells and a low pressure in the vicinity of 
the producing wells. By this means, a continuous flow of gas is main- 
tained through the reservoir rock from the injection to the recovery 
wells, the moving gas serving to entrain oil and carry it along through 
the pores of tlie reservoir rock in the form of films on gas bubbles or, 
|)(s*haps, actually to force a “bank” of oil ahead of a moving body of 
gas toward the producing wells. Various plans for applying gas drives 
ha\’e been suggested wherein gas from two or more injection wells may 
be? brought to bear upon the oil from different directions, thus sweeping 
out an area of some width between the wells, rather than confining the 
flow to ch anneis along definite lines. 

Pressure-rsstokation Principles and Results 

When compressed gas is forced into the partially drained pore spaces 
of a reservoir stratum from which there are no outlets, the pressure is 
always a maximum in the vicinity of the intake wells. From these high- 
pressure centers,, the gas flow^s through the open spaces of the reseiwoir 
rock to the areas of lower pressure. Gradually the compressed gas forces 
its w^ay outward following, preferably, the more, permeable channels 

^ Uren, L. C.,/Use of Gas and 'Air in Restoring Pressure to Old Pools, National 
Pdroleuni News, Hum S and 2^) 1927, 
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through the reservoir rock, until areas remote from the intake wells are 
influenced. ■ ^ ^ 

Although the gas naturally seeks and builds up pressure within the 
oil-drained spaces of the reservoir rock, the intimate contact established 
between the oil and gas in the reservoir results in a part of the gas being 
taken into solution, a tendency that is accelerated as the pressure is 
raised because of increased solubility of gas in oil at elevated pressures. 
Some have assumed that gas trapped in a porous reservoir rock above the 
surface of an underlying body of oil, in the same stratum, will be rapidly 
dissolved by the oil and that by diffusion the entire mass of accumulated 
oil beneath may become saturated in a short time. However, in view 
of the slow rate of diffusion of dissolved gas from a gas-oil surface and 
because of the absence of agitation or convection currents that might 
bring all parts of the oil mass into contact with the gas, it seems unlikely 
that the oil can become saturated with dissolved gas, under the conditions 
prevailing, within a period as short as that over which commercial opera- 
tions could extend. Some writers have assumed that gas taken into 
solution in this way may travel through the oil by diffusion and thus 
escape to the producing wells without doing useful work in moving oil, 
but this too seems improbable when the slow rate of diffusion of dissolved 
gas through oil is considered. 

After pressure has been built up to the desired extent by long-con- 
tinued injection of compressed gas, the producing wells are opened and 
ejection of oil from the sand begins under the influence of the rejuvenated 
pressure. Such gas as is dissolved in the oil will, of course, be effective 
in expelling oil, on assuming the form of expanding occluded bubbles, 
when pressure is subsequently released near the producing wells. Stimu- 
lated flow will also result from the static pressure of the bodies of free 
gas. The elevated pressure established in the upper part of the reservoir 

stratum produces an ecpiivalent horizontal pressure within the oil mass; 

and, under the influence of this static pressure, oil is forced toward the 
well outlets. As this is being accomplished, however, the free gas above 
the oil in the reservoir rock will escape to the producing wells unless 
precautions are taken to prevent it. The means adopted may be either 
artificially developed back pressure or maintenance of high fluid levels 
ill the producing wells. 

Practice in operation of the producing wells after pressure restoration 
is identical with that appropriate for ordinary wells operating on natural, 
original gas pressure, except that, with a relatively greater percentage 
of oil-drained voids in the reservoir rock, the decline in pressure will be 
more rapid and the gas-oil ratio will be higher. Wells may be operated 
by natural flow or gas lift and, when these methods fail, by ordinary 
pumping methods. 
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Whether or not sufficient oil may be obtained I'rom a reservoir by 
additional pressure restorations after the gas injected during the first 
restoration has been dissipated will depend upon the physical and eco- 
nomic conditions presented. In an experiment conducted in a large 
sand-filled oil-saturated pressure-drainage tank in the petroleum engineer- 
ing laboratories of the University of California^ 10 successive pressure 
restorations were made and the pressure exhausted eleven times, addi- 
tional oil being secured with each pressure restoration from miniature 
wells penetrating the sand body. Maximum pressure reached with each 
pressure restoration was 50 lb. per square inch. The first release of 
pressure, with the pore spaces of the sand saturated with oil, yielded 
20.3 per cent of the oil content of the sand; the second yielded an addi- 
tional 6.7 per cent; the third, 6.5 per cent; the fourth, 4.5 per cent, and 
so on, each successive pressure restoration resulting in a smaller yield 
than the previous one. The cumulative total recovery, obtained by 
11 exhaustions of pressure, was about 48 per cent of the saturated oil 
content of the sand. The results of this experiment can scarcely be 
accepted as comparable with what might be expected under field condi- 
tions; but it is interesting to note that material contributions were 
secured by tlie second and third restorations of pressure. 

All experimental project on a field scale to determine the efficacy of the pressure- 
restoration niethod was conducted by the Humble Oil and Ptefining Co. in the Olney 
pool, a small field in north-central Texas. hlere 21 wells had been drilled, about 300 
ft. apart, into a small dome, the productive area being only about 80 acres. After 
producing some 350,000 bbl. of oil by ordinary methods, the wells had about reached 
their lower limit for profitable production, averaging only 2 to 3 bbl. per well per day. 
During the latter part of tliis period, the wells had been pumped under vacuum. 
Beginning in JaDiiary, 1930, about 109 million cubic feet of gas was injected into the 
partially drained sandstone reservoir, building up pressure about the injection wells to 
upwards of 400 lb. per square inch. The wells were then shut in and allowed to 
remain so until November, 1931, when the field was reopened for production of a 
second ‘‘crop” of oil. The average field pressure was then about 350 lb. per square 
inch. As the oil was withdrawn, surplus gas beyond what was needed for fuel pur- 
poses was reinjected at certain wells reserved for this purpose, but no additional gas 
was used. Up to November, 1934, 122,000 bbl. of oil had been secured as a result of 
repressiiring, or about 35 per cent of the primary production including that taken by 
use of vaciuim, and the field pressure was still above 200 lb. per square inch. 

Pressure-maintenance Principles and Results 

The drainage influence of a well, under a given set of sand conditions, 
increases with the effective expulsive pressure within the reservoir rock. 
Consequently, where expanding natural gas is the dominant expulsive 

* Wilde, H. D., Jb., A Repressuring Experimental Project to Measure the Effect 
of Early Gas Injection. Am. Petroleum Inst., Prod, BtdL 206, pp. 16-18, December, 
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force, a well develops its maximum radius of influence in early life. 
Subsequently, as pressure declines, the drainage radius continually 
diminishes. In the later period of declining productivity, the area 
tributary to the well must be materially smaller than that which con- 
tributed oil during early life. The productivity of the well is thus 
diminished, not only by the ever-decreasing quantity of oil within the 
welFs area of influence, but also by an important shrinkage in the areal 
extent of this region of influence. Much oil, started on its slow and 
tortuous journey through the reservoir rock toward the well when gas 
pressure is high during the early life of the well to which it is tributary, 
is overtaken on its way by the rapid contraction of the area of influence, 
due to diminishing pressure, and left immobile in the reservoir rock. 

Consider, now, the advantage gained if the original field pressure, or 
some pressure not greatly less than this, could be maintained during the 
productive life of a pool. The area under influence is maintained at or 
near its maximum. Oil once tributary to a well, by reason of the physical 
laws that govern its flow through the reservoir rock, remains within 
influence and continues its flow until it eventually enters the well and 
is recovered. The ultimate recovery of oil secured by the well and the 
percentage of original oil content of the reservoir rock recovered are thus 
greatly increased. 

The rate of flow of oil from a reservoir rock is also a function of the 
pressure, being greatest during the early period of productivity when the 
field pressure is high and the reservoir rock is fully saturated. It rapidly 
declines as the pressure aiid available reserve of oil within the region of 
influence diminishes. If the gas pressure within the reservoir is main- 
tained at a point near its initial value, the initial rate of flow will not be 
maintained because the available reserve of drainable oil is ever decreas- 
ing; but the rate of recovery will be maintained at a much higher rate 
than is possible when the field pressure is permitted to decline. Theory 
indicates that the ^Mecline curve’^ of a well producing under such condi- 
tions should be a straight line rather than the logarithmic type of curve 
characteristic of declining field pressure. 

In an earlier chapter, it has been shown that the viscosity of crude 
petroleum is materially lower when it contains large amounts of dissolved 
gas — as is possible at high pressure — than is the case when the gas has 
been permitted to escape from solution by reduction of pressure. When 
the pressure is permitted to decline in an oil reservoir stratum under 
process of drainage, it has the effect of partially congealing the oil in the 
reservoir rock, greatly increasing pore resistance to flow and materially 
diminishing the volume of recoverable oil that the available natural 
energy is able to force into the wells. Maintenance of gas pressure within 
an oil reservoir rock in process of depletion will tend to prevent escape 
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of the dissolved gas from the oil in the reservoir, thus maintaining its 
original mobility. Oil will move through the reservoir rock toward the 
wells largely under the influence of static pressure of high-pressure gas 
in the relatively free, oil-drained spaces. In the vicinity of the producing 
wells, where pressure must necessarily be reduced somewhat, gas coming 
out of solution will remain within the oil mass in the form of occluded 
bubbles, thus performing maximum duty in expelling oil. 

For successful application of the pressure-maintenance method, the 
entire structure” or area of the pool must be exploited as a unit; or, 
at any rate, there must be absolute conformity among all operators in 
the pool in the essential matters relating to production and development 
practice. Conditions would appear to be most favorable for application 
of this method 'when the structure comprises a well-developed dome or 
anticline in which the flanks dip at comparativel}^ steep angles away from 
the structural crest. In flat-dipping formations, the high-pressure gas 
would probably tend to channel through the reservoir rock from the 
injection to the producing wells, developing a driving effect and more or 
less preventing the maintenance of uniform pressure conditions. In a 
favorable structure, the producing w^ells should be located well down on 
its flanks, whereas wells penetrating the reservoir rock at or near the 
structural crest serve as a means of returning gas to the productive 
stratum. All gas produced is trapped from the oil and recompressed 
and forced back into the reservoir rock through the crestal wells. If the 
original pressure is to be maintained, additional gas will have to be 
supplied from some extraneous source. 

The constant pressure of such a body of free gas, in the crest of the 
structure, drives the underlying oil into the down-dip wells. Constant 
pressure conditions within the reservoir tend to prevent the edge-water 
lines from encroaching and also prevent the oil from flowing up to the 
crest of the structure, which may have originally been charged only with 
dry gas. Movement of oil from its original zone of stratification in the 
structure to overl3dng gas-filled zones will cause enormous losses of oil 
through adhesion on mineral surfaces formerly free of adherent oil. 
Uncontrolled encroachment of edge water will sometimes result in the 
trapping and inundation of large bodies of undraiiied reservoir rock, the 
oil from which may only with difficulty be subsequently recovered. 
Pressure maintenance would probably also permit of lifting practically 
all of the oil produced by natural-flow methods without the aid of mechan- 
ical pumps, a considerable advantage from the standpoint of production 
cost. 

One of the most interesting applications of the pressure-maintenance method is 
that conducted by the Humble Oil and Refining Co. in the Sugarland field, near Hous- 
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ton, Tex.^*-' In 1930, soon after this field was discovered, and before the original 
reservoir pressure had been greatly depleted, the operating company began the 
practice of trapping all gas from the oil produced and recompressing and forcing it 
back into the reservoir rock through wells near the crest of the structure reserved for 
this purpose. The original formation pressure was between 1,450 and 1,500 lb., and 
pressure during the first 7 years of exploitation was not permitted to fall below 1,200 lb. 
per square inch, though upwards of 23 million barrels of oil were produced during this 
time. By shutting in high gas-oil ratio wells at the crest of the structure and main- 
taining appropriate back pressure on producing wells, average gas-oil ratios have been 
reduced to as little as 265 cu. ft. per barrel. The reservmir content of the oil was 211 
cii. ft. per barrel; hence, very efficient use of the gas energy is being realized. Net gas- 
oil ratios, representing the difference between the volume of gas produced and that 
returned to the wells, average only about 35 cu. ft. per barrel and at times have been 
as low as 24 cu. ft. per barrel. Upwards of 85 per cent of the gas produced is returned 
to the reservoir rock. Injection pressures have ranged as high as 1,450 lb. per square 
inch. All oil has been lifted by natural-flow methods. It has been estimated that 
upwards of 35 per cent of the gross original content of the pool will be produced by 
the method used probably twice as much as would have been secured by ordinary 
methods of flowing and pumping. The cost of recompressing the gas has been about 
8 cts. per thousand cubic feet, or only 2 cts. per barrel of oil produced. 

Other notable examples of application of the pressure-maintenance method are 
found in the Raccoon Bend field of Texas and the Dominguez and Seal Beach fields 
in southern California. In the Seal Beach field, injection pressures as high as 1,850 
lb. per square inch were used, t Operations of this character are also conducted by the 
Anglo-Persian Oil Co. in one of the Persian oil fields, producing from a porous limestone 
reservoir rock. 


Gas-drive Principles and Methods 

The concept of residual oil being carried along with or driven ahead 
of artificially injected gas flowing through the reservoir rock from an 
injection well to a recovery well is one often associated with the term 
“pressure restoration/^ but the method may more properly be called a 
“gas drived^ This method has received detailed study under laboratory 
conditions and during the last 25 years has been extensively applied in 
the field. 

The manner in which the compressed gas enters the reservoir rock 
will vary with the stratigraphic and lithologic conditions and with the 
distribution of oil and gas in the productive stratum. If there are two 
well-defined zones within the reservoir stratum, the lower of which is 
saturated with oil whereas the upper contains chiefly gas, and the injected 
gas has access to both, it will naturally follow the path of least resistance 
and enter the upper gas-filled zone. If this zone is fairly continuous, it 
may be possible for the injected gas to flow through the upper part of 

A Wilde, H. D., and Parks, M., Producing Oil with Minimum Pressure Decline 
at the Sugarland Field, Am. Petroleum Inst., Prod, Bull. 206, pp. 18-23, December, 
1930. ■ , : 

t Bell, A. H., Repressuring in California, ''Petroleum Development and 
lechnoiogy, 1927,” pp. 299-302, Am, Inst, Mining Met. Eng. 
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the formation above the oil, from an injection to a producing well, 
without entering the main mass of oil accumulated by gravitation in the 
lower part of the stratum. This is one cause of “ b3?'"passiiig ” of oil by 
the gas, a common difficulty in the practical application of the gas-drive 
method. 

Again, the productive reservoir may consist of a series of strata 
separated from each other by impervious clay or shale partings, one or 
some of the strata being relatively more permeable than others. If all 
strata were originally saturated wdth oil, the more permeable beds will 
have been more completely evacuated of their contained fluids than the 
others and the compressed gas subsequently injected, having access to 
all, enters these beds because they offer less resistance than the less 
permeable beds, wiiich may still be highly saturated with residual oil. 
Such beds are not necessarily the lowermost in the series. 

Under these conditions, where by-passing is likely to occur, flow of 
compressed gas through the formation from one well to another may 
result in comparatively little oil being displaced. In such cases, however, 
if high back pressure is maintained on the producing wmlls or if the pro- 
ducing wells are shut in for a time w^hile compressed gas is forced in until 
an elevated pressure is built up within the entire reservoir, gas may be 
made to enter the more resistant strata. This latter practice, however, 
is essentially that wiiich has been previously described as pressure 
restoration.'^ It will be seen that the three methods of recovery involving 
injection of gas into partially depleted reservoirs, as classified and 
explained previously, are not necessarily alternative methods, but are 
closely interrelated, and that any two or even all three may virtually 
be in use simultaneously in the same reservoir; or one method may, under 
changing conditions, be supplanted by anotlier. 

The most favorable conditions for gas driving are found when there 
is no free gas space above a general oil surface wdthin the reservoir rock 
in the vicinity of the wells in which the gas is introduced. In this case, 
the gas must directly enter the oil mass and does so in the form of small 
bubbles, migrating, under the influence of the artificially applied pressure, 
through the drainage channels to the producing wells. Conditions then 
are ideal for solution of a large part of the gas, the oil possibly becoming 
saturated with gas under the pressure prevailing. This gas-saturated oil 
moves toward the producing wells under the influence of surplus high- 
pressure gas in occluded form within the oil, that is, in the form of 
expanding bubbles. As the oil approaches the producing well and 
pressure is reduced, the gas previously taken into solution is also released 
in the form of expanding gas bubbles, wdiich further assist in oil expulsion. 

The lithologic character of the reservoir rock will influence the effi- 
ciency of residual oil expulsion to an important degree. If the reservoir 
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rock is at all variable in its lithologic properties, the gas will always tend 
to flow through the more permeable channels or through those that have 
been more thoroughly drained of oil. Gas may circulate around less 
permeable lenses, leaving them practically saturated with oil. In fact, 
the higher gas pressure established in the more permeable sands, sur- 
rounding the less permeable lenses, will tend to prevent rather than 
assist drainage of oil from them. 

Geologic structure also interposes limitations on the use of gas- 
injection processes of recovery, particularly if the productive formation 
has a very pronounced '^dip” or declination from the horizontal. If the 
formations are steep dipping, the oil, being heavier than gas, will tend 
to gravitate toward the down-dip locations. On the other hand, gas 
shows a preference toward migration up the dip or along the ^^strike^’ 
of the beds. In a deposit having a well-defined structural crest and with 
steep-dipping flanks, it would seem to be a fallacious policy to operate 
wells penetrating the crest of the structure, for the gas would tend to 
rise and escape from such wells without driving out as much oil as would 
be possible if the gas movement could be maintained down rather than 
up the dip. Theory would prescribe, under such conditions, that the 
wells at the crest of the structure be used for forcing gas back into the 
producing stratum, whereas the down-dip locations be operated as pro- 
ducing wells. 

Under certain conditions, however, it is justifiable to force gas into 
the extreme down-dip locations, with the purpose of enlivening the oil, 
which is freciuently less saturated with gas at the lower horizons, thereby 
stimulating it to flow to near-by up-dip wells operated as producers. 
Even in this case, however, no wells should be permitted to allow escape 
of gas at the crest of the structure. With a body of high-pressure gas 
thus maintained at the structural crest and with additional high-pressure 
gas flowing up the dip of the structure from wells in the vicinity of the 
edge-water lines, a maximum recovery rate could be established for the 
intervening wells. Incidentally, high-pressure gas applied near the edge- 
water line would tend to hold it stationary and prevent premature or 
irregular flooding of the reservoir rock. Such gas as does not escape 
through productive wells rises to the crest of the structure and is there 
trapped, thus maintaining uniform pressure conditions on both the 
up- and down-dip sides of the productive wells. 

It seems probable that gas does not flow out uniformly through the 
productive reservoir rock in all directions from the well through which it 
is injected but, rather, that it follow’-s channels of least resistance to the 
outlet wells. Suppose, for example, a perfectly uniform horizontally 
disposed oil sand, and that gas is forced into one well in the approximate 
center of a group, surrounding wells of the group being operated as 
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producers; if there were any variation in texture of the sand, making it 
easier for gas to flow to one well of the group than the others, the gas 
would naturally take that course, leaving other wells without stimulation. 
Or if the sand were perfectly uniform in texture as well as thickness and 
one producing well were a little nearer the well throiigh which the gas is 
being introduced, the gas flow- will be largely toward the near-by well. 
Such tendencies for the gas to favor certain wells, however, can be largely 
offset by operating the producing wells under variable back pressures. 
Applying higher back pressure to the more favored wells and gradimliy 
adjusting downward the pressures held on the more remote or less-favored 
wells wdll eventually bring about a fairly uniform distribution of the gas 
as beWeeii the several producers of the group. 

Even w^hen uniform gas distribution is attained, however, it may not 
be assumed that the entire area between the gas-injection well and the 
surrounding oil w^ells is brought within the influence of the elevated 
pressure. It seems probable that the gas does not flow uniformly out- 
ward along radial lines from the well into which it is injected but, rather, 
that it tends to sweep out elliptically shaped areas between the wells, 
which may be of such form as to leave i^elatively large uninfluenced areas 
between wells. 

Because of the difficulty of driving oil and gas from reservoir rocks 
of high permeability into less permeable tight sands, it would seem to 
be preferable in choosing the locations for injection and producing wells 
to locate the injection wells in the less permeable areas and the producing 
wells in the more permeable areas. If some of the producing wells were 
in tight and some in relatively open sands, gas would flow to the wells 
penetrating the more permeable areas, by-passing the tight-sand areas 
and leaving them well saturated with oil. The injection wells may be 
scattered among the producing wells, making an effort to secure an 
approximately uniform distribution of the injected gas throughout the 
area to be drained. It would seem to be preferable, however, to apply 
the gas to a row of wells extending across the property to be drained, 
driving the residual oil outward in opposite directions toward parallel 
rows of pumping wells. Another promising plan is that of injecting gas 
in each alternate row of wells, thus driving from four directions toward 
each producing well in the intervening rows. These methods of applying 
fluid drives are described in greater detail in the section explaining water 
flooding. 

The most efficient spacing for gas-drive wells and the relative numbers 
of injection and producing wells needed will depend upon the permea- 
bility and thickness of the reservoir rock and the pressure employed. 
Tight sands require relatively more and closer spaced injection wells. 
Higher gas-injection pressures permit of wider spacing and a fewer 



SECONDARY METHODS OF OIL RECOVERY 


433 


number of injection wells. A balance must be struck, between these 
factors, that will lead to the most economic result. 

The rate at which the compressed gas enters the reservoir rock in the 
vicinity of the injection wells has an important bearing on the success of 
the process. Often the reservoir rock will offer such great resistance 
that very high pressures are necessary to force the gas into the producing 
formation at the desired rate. The energy provided for moving the oil 
through the reservoir rock is dependent upon both the pressure and 
volume of the gas that enters the injection wells. If a given amount of 
energy is required to maintain the desired rate of oil production, this 
may be provided by a large volume of low-pressure gas or a smaller 
volume of relatively higher pressure gas. The pressure, however, must 
be adequate to force the requisite volume of gas per unit of time into 
the wells. 

When the reservoir rock is highly saturated with oil, the pressure 
must be high because of the great resistance offered to displacement; 
but as open spaces develop in the reservoir, owing to displacement of 
oil, by-passing’^ or ^^blowing-through” of the gas from well to well 
becomes more pronounced and the pressure should be reduced. A 
relatively larger volume of gas, however, must be provided. The extent 
of by-passing of oil by gas is determined, in part, by the rate of progress 
of the gas through the reservoir rock. Slower progress, in general, 
means more efficient drainage. It should be remembered, however, in 
this connection, that the linear rate of advance through the reservoir 
rock is greatest in the vicinity of the wells and that as the oil ^^bank” 
forms ahead of the gas and moves away from the injection wells the 
volume applied may be gradually increased without a corresponding 
increase in the linear rate of advance of the ^^bank.” 

When the reservoir rock is ^Hight” and does not take the gas as 
rapidly as desired at the available pressure, the situation may be remedied 
to some extent by forming cavities about the injection wells within the 
reservoir rock, the larger surface exposed at the wall of the well pro- 
portionately influencing the rate at which gas must flow through the rock 
pores and, consequently, influencing the pressure loss. Pressure neces- 
sary at the input wells may also be reduced by forming similar cavities 
about the producing wells. 

Historical Development op Gas-injection Methods 

The first recorded instance in which an effort was made to stimulate recovery of 
petroleum by forcing compressed gas into oil reservoir rocks was in 1903, when I. L. 
Dunn, operating in the Macksburg pool in southeastern Ohio, forced gas into a shallow 
oil sand under a pressure of 45 lb. per square inch for 10 days. When the gas so intro- 
duced was released from the sand, it brought much additional oil to the well. It was 
not until 1911 that Dunn made an effort to demonstrate the method commercially, 
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and in this instance the method took the form of a gas-drive rather than simple 
pressure restoration. About 150,000 cu. ft. of air was compressed daily and forced 
into one well at a pressure of 40 lb. per square inch, the oil being driven to near-by 
surrounding wells. Within a week after the experiment was begun, the beneficial 
effects were noticeable, and the method was extended to other parts of the property. 
The wells on this property had been drilled 13 years earlier and, though vacuum had 
been applied for several years, their average daily production had fallen to only 7 gal. 
Two and one-half years after this gas drive was begun, under stimulation of added 
pressure, production had increased from 8,500 to 16,400 bbl. per year. This pioneer 
development of the gas-drive method by I. L. Dunn and two associates, O. C. Dunn 
and H. E. Smith, in the vicinity of Marietta, Ohio, has led to the method being referred 
to in some of the earlier descriptions as the “Smith-Dunn” or ‘‘Marietta” process. 

Interest in this achievement soon led to the adoption of the method in other 
fields in Ohio and West Virginia. In 1917, J. O. Lewis^^’ estimated that upwards of 

4.000 wells on 90 different properties were being operated under the influence of 
restored pressure by gas injection; though, even at this date, but few of the plants 
were more than 3 years old. During the years succeeding the European war, interest 
in pressure-restoration methods became more widespread and their use was extended 
to the Mid-Continent region, notably in Kansas, Oklahoma and Texas, where many 
gas-injection plants were installed. The method has also found use in many of 
the fields in Pennsylvania. In February, 1926, Lewis estimated that upwards of 

20.000 wells in the United States were producing under restored pressure, and the 
intervening years have doubtless added many thousands more. In California, gas 
injection, planned both for gas storage and for increasing oil recovery, has been prac- 
ticed in several of the San Joaquin Valley and Los Angeles Basin fields, notably in 
the Dominguez, Seal Beach, Santa Fe Springs, Brea-Olinda and Midway-Sunset 
fields. Abroad, gas-injection methods of one kind or another have been employed in 
the oil fields of Russia, Persia, Colombia and Peru. 

Many believe that the gas injection methods, and more particularly the gas-drive 
process, are more widely applicable than any of the other secondary-recovery methods. 
In at least 80 per cent of the fields where it has been tried, it has proved successful in 
increasing recovery; and, in many cases where it has failed, lack of success may be 
attributed to faulty application. An important advantage of the gas-injection 
methods, in comparison with water flooding, is the fact that they in no way damage 
the fields in which they are applied. After their use is discontinued, other methods 
of recovery — such as vacuum, w^ater flooding and mining — may still be used in seeking 
to recover any drainable oil that may remain in the reservoir rock. 

Practical Application of the Gas-drive Method and 
Results Secured 

Number and Distribution of Gas-injection Wells. — Field practice in application of 
the gas-drive process involves provision and equipment of one gas-injection well for 
four to eight producing wells, the number depending upon reservoir conditions, well 
spacing, well diameter, injection pressures and other related factors.* An effort is 
made to achieve a uniform distribution of gas throughout the area under exploitation, 
and this is best accomplished by providing a high ratio of injection wells to producing 
wells. A large number of injection wells permits of using lower injection pressures for 
a given daily gross volume of input gas. 

* Shaw, S. F., Summary of Known Facts on Repressuring, Petroleum Eng.^ mid- 
year issue, 1933, p. 46. 
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Tlie injection wells must be distributed among the producing wells so that the 
producers will be spaced as uniformly as possible, and preferably 150 to 300 ft. distant, 
from the input wells. Former producing wells may be utilized for gas injection, but 
it is preferable to drill new ones for this purpose. Often such wells are located accord- 
ing to some geometric pattern that will afford uniform distribution of the injected gas 
and permit flow from as many directions as possible toward each recovery well.’^ 
Figs. 245 and 246 show several patterns that have been found satisfactory. Although 
uniform reservoir conditions would justify use of some regular pattern in arrangement 
of injection wells, in most fields the productive formations are not uniform, 
either in thickness or permeability. In this case, the positions of injection wells may’ 
be chosen primarily with regard to the changing lithologic properties of the reservoir 
rock, and adherence to a geometric pattern becomes a matter of secondary importance. 
With the purpose of driving oil out of the less thoroughly drained ‘‘tight” reservoir 
strata and low-permeability lenses, injection wells should be in such areas rather than 
in the more permeable channels that are likely to be more thoroughly drained during 
the period of primary exploitation. Such wells should ordinarily be small producers 
and can better be spared for injection purposes than large producers. Gas, so injected, 
forces its way out from the less permeable bodies of reservoir rock into the more open 
drainage channels and thence to the recover^^ wells. Such an arrangement of injec- 
tion wells results in more efficient recovery of the residual oil but requires higher injec- 
tion pressures. 

In some cases, it is difficult to determine the best positions for injection wells 
until a trial has been made and there has been opportunity to observe results for 
several weeks or months. If gas by-passes freely from an injection well to a recovery 
well without moving its proper quota of oil, the injection well may be converted into a 
producing well and another selected for injection purposes in its stead. Portable 
compressors and temporary well connections are sometimes used until the perform- 
ance of a tentatively selected injection well can be observed under operating condi- 
tions. The exact number and distribution of injection wells may not be definitely 
determined until the project has been under way for some time. 

Selection of locations for injection wells is sometimes influenced by structural 
conditions, the position of property lines or edge-water conditions. By-passing of gas 
through the reservoir rock is likely to occur, and less oil will be moved if injection wells 
are on or near the crest of the structure. Most engineers believe that wells producing 
abnormal amounts of water are unsuited for this purpose. If properties are small and 
neighbors do not cooperate in maintaining proper well control, gas and oil might be 
driven across property lines unless the locations of injection wells are carefully chosen. 

Gas-injection Practice. — Injection wells must be suitably equipped before gas is 
introduced. The well should be cased from the surface down to a point just above the 
top of the reservoir rock and the casing cemented or packed off against the wall of 
the well so that gas will be confined to the producing formation. If the reservoir rock 
shows a tendency to cave, the oil string should extend to the bottom of the well and be 
perforated opposite the oil-yielding strata. Gas may be introduced directly into the 
casing through a gas-tight casing head, but usually a better plan is that of installing a 
column of tubing nearly to the bottom and injecting the gas through this. When gas 
is injected directly into the casing, fluid may accumulate in the well so that the upper 
part of the reservoir rock receives all of the gas. If an old well is used for injection 
purposes, it should be thoroughly cleaned out and the walls scraped throughout the 
zone into which the gas is to be injected. Forming a cavity about the well by use 

McClintock, C, B., Systematic Program Is Essential in Proper Application of 
Repressuring, Oil Gas Jour,, Jan. 23, 1936, pp. 24-25. 
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of explosives or hydraulic methods will facilitate gas injection and permit of using 
lower injection pressures. As producing vrelis are frequently operated under back 
pressure, it is also desirable that their oil strings be cemented or packed off in the cap 

rock of the producing formation in order that gas 
entering the wells with the oil may not escape to 
overlying low-pressure formations. 

If the productive formation is made up of two or 
more oil-bearing strata of differing permeability and 
variable oil content, separated by impervious shale 
partings” — a condition that may be disclosed by 
careful formation sampling and analysis — arrangements 
may be made to confine the injected gas to a particular 
stratum or portion of the reservoir rock. This is 
accomplished by placing wall packers a short distance 
apart on the tubing, with the tubing perforated be- 
tween, one packer being set against the wall of the 
well just above the stratum that is to receive the gas 
and the other immediately below. In this way, the gas 
may be confined to the stratum or strata containing the 
most drainable oil, and there is less opportunity for it to 
enter the more permeable oil-drained beds and by-pass 
to the recovery wells without moving oil. More com- 
plex arrangements, involving use of two or more tele- 
scoping strings of tubing and several packers (see Fig. 
235), may be so arranged as to permit of injecting gas 
under different pressures to different component mem- 
bers of the reservoir rock. Special ‘Tull-expanding” 
packers are available for this character of service. 
Higher pressure gas may thus be applied to the less 
permeable beds and lovrer pressure gas to the more per- 
meable strata, thus controlling the volume of gas enters 
ing each. Selective repressuring necessarily requires 
complete and accurate information concerning the 
stratigraphy and lithologic properties of the component 
members of the reservoir rock. 

The amount of gas injected varies directly with the 
thickness of the reservoir rock. When sands are thick 
and highly permeable and when by-passing of oil by 
gas in the reservoir rock is a factor of importance, larger 
volumes of gas will be needed than when the formation 
is thin and ^Hight” and gas channeling is not excessive. 
For particular reservoir conditions about an injection 
well, the volume of gas that may be injected per unit 
of time increases as the injection pressures are increased. 
However, as a gas-drive progresses, lower formation 
resistance is the rule; and, hence, if the injection 
pressures are maintained constant, the volume of 
gas injected increases as the drive proceeds. When 
injection is begun, it is well to use as little pressure as is necessary to force gas 
into the reservoir rock in small volume, later increasing pressure slowly until the 
desired input volume is reached. Some operators prefer to maintain a constant 



Fig. 235. — Multiple-tub- 
ing and packer installation for 
selective injection of gas or 
water in secondary-recovery 
operations. 
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input volume, allowing injection pressures to decline as the drive progresses. Volume- 
control devices, on gas-distributing lines to the injection wells, maintain a constant 
volume of gas entering the formation at each well, irrespective of changes in resistance 
encountered in the formation or variation in pressure in the surface gas-distributing 
lines. From 400 to 10,000 cu. ft. or more of gas, measured at atmospheric pressure, 
is injected for each barrel of oil recovered by the gas-drive process. Results in some 
Pennsylvania fields are said to be most satisfactory when the wells produce 4,000 to 
5,000 cu. ft. of gas per barrel of oil. Bartlesville sand wells, in one gas-drive project in 
northern Oklahoma, produce with an average gas-oil ratio of about 3,250 cu. ft. per 
barrel. Some operators estimate that 1,000 to 2,000 cu. ft. per day per foot of reser- 
voir thickness is a satisfactory volume for each injection well. When the gas-oil 
ratio at producing wells ranges above 10,000 cu. ft. per barrel, it is an indication that 
channeling is occurring, and suitable control should be applied to either the recovery 
well or the injection well, or both. 

The injection pressure necessary will depend upon the character of the reservoir 
rock and the viscosity and distribution of the residual oil. The necessary pressures 
will also vary with the rate at which the gas is injected. A well-drained sand will 
offer much less resistance than one saturated with oil or water. If the sand is 
^‘broken” by cross-bedding or numerous clay or shale partings extending across the 
stratification, a high gas pressure will be necessary. Increase in the number of pres- 
sure wells permits of decrease in pressure because of the smaller volume of gas injected 
at each well and the shorter distance that the gas must travel from injection to recov- 
ery wells. Injection pressures range from as little as 25 lb. to 600 lb. per square inch 
or more, depending upon the permeability and thickness of the reservoir strata and the 
rate of gas injection. 

There is a definite relationship between the pressure and volume of the gas neces- 
sary and the permeability of the reservoir rock. In thick beds of highly permeable 
sand or in sands where conditions are especially favorable for by-passing, the injected 
gas volume will be large and the pressure low, whereas in 'Right sands, high pressures 
and small volumes will be the rule. As drainage of a property progresses, larger 
volumes will be required to expel each additional barrel of oil from the reservoir, but 
the pressure may be progressively reduced as the oil-bearing formation is then relatively 
open and there is less resistance to gas flow. 

The time required for injected gas to find its way through the reservoir rock, and 
influence performance of the recovery wells, depends upon the permeability and 
saturation of the reservoir rock and the distance to be traversed. Stimulation of the 
recovery wells has been observed in as little as 10 days in some fields, and in other 
cases several months have elapsed before the effects were noticeable. It is preferable 
that migration of the gas through the reservoir rock be not too rapid. If the rate of 
injection is slow and pressure is gradually increased, a body of gas will accumulate 
around the injection well, maintaining a hquid seal or oil "bank’' between it and the 
recovery wells. If pressure is built up too rapidly, the gas is likely to channel through 
the liquid bank to the recovery well without moving its full quota of oil. 

Methods of Lifting Oil at Producing Wells and Control of Channeling Tendencies. 
As oil is displaced from the reservoir rock and that remaining settles under gravita- 
tional influence, there is a growing tendency for gas to by-pass the oil as it flows from 
the injection to the recovery wells. This can be offset to some extent by operating 
the producing wells under suitable back pressure. Back pressure may be applied by 
maintaining higher fluid levels in the recovery wells, raising pump barrels and arrang- 
ing "bleeders” in the gas anchors so that they "pump off ” at the desired minimum 
fluid level Or wells may be pumped intermittently, allowing fluid levels to build up 
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between operating intervals- If gas under sufficient pressure and volume is produced 
with the oil, wells may be made to flow. Modified forms of gas lifts operated on the 
stopcocking principle (see page 108) have also been developed for use in such wells to 
assist flow. With flow methods of lifting oil at producing wells, back pressure may be 
maintained at the well-head. If flow methods are impractical, the usual types of 
pumping equipment are employed. If back pressuring at producing wells is unsuc- 
cessful in controlling gas channeling, the input pressure and volume may be reduced 
on the surrounding injection wells. Altering the input pressures on each of the 
neighboring injection wells in turn, with time intervals for observation, will usually 
disclose the offending well and, if necessary, it may be abandoned or converted mto a 
pi’oducer. 

Air versus Natural Gas for Injection Purposes. — -There has been considerable 
discussion concerning the relative merits of air and natural gas for gas driving and 
restoring pressure in partially depleted reservoir rocks. * Air is less soluble in crude 
petroleum than natural gas and, according to some authorities, is more efficient as an 
expulsive agent because it diffuses less readily into and through the oil with consequent 
loss of energy. However, diffusion of dissolved natural gas through petroleum is 
known to be very slow, and though it may be in part dissolved it should be a superior 
expulsive agent. When pressui'e is subsequently released and the dissolved gas 
assumes the form of occluded gas bubbles within the oil mass, it is capable of doing 
more efficient work in oil expulsion than when it is applied merely as static pressure 
created by a body of free gas above or behind the oil mass. H. H. Power, who has 
investigated this subject, states that air is more efficient than natural gas at pressures 
below about 300 lb. per square inch and natural gas is more efficient at higher 
pressures, t 

Aside from the relative efficiencies of expulsion, in 'which air apparently has a slight 
advantage under some circumstances, natural gas is less objectionable than air. Air 
tends to oxidize the oil, increasing its viscosity and surface tension, and is probably 
productive of greater quantities of deposited paraffin and other solid hydrocarbons, 
which would, after a time, tend to clog the pores of the reservoir rock and restrict 
flow to and from the wells. If air is used, it dilutes such natural gas as may still be 
produced with the oil, rendering it highly explosive when certain proportions of air 
and gas are admixed. In such a state, it is unsafe for power-development purposes. 

At normal atmospheric temperature and pressure, mixtures of methane and air 
are explosive between the limits of 5.5 and 14.5 per cent of methane. Increasing the 
temperatxire to 500°C. reduces the lower limit of explosibility to 4 per cent of methane. 
Pressure increase apparently has little or no effect on the explosive limits. Variation 
in rate of flow of hydrocarbon gases from the producing wells may, at any time, 
result in excessive dilution with air, leading to formation of explosive mixtures in the 
compressors and transmission mains. Precautionary measures include placing occa- 
sional filters or plugs of metallic shavings in the transmission lines to localize any 
explosion that may occur and employing devices for either cooling the gas or auto- 
matically shutting down the compressors when exhaust temperatures exceed a safe 
working limit of about 350 ®P. 

Dilution of natural gas wuth air may reduce the gasoline content of the gas to such 
an extent that it is no longer profitable as a source of natural gasoline, and it may be 

Chalmebs, J., Recent Studies of the Recovery of Oil from Sands, ^‘Petroleum 
Development and Technology, 1930,^^ pp. 322-328, Am. Inst. Mining Met. Eng. 

t Power, H. H., Relative Propulsive Efficiencies of Air and Natural G4s, 
“Petroleum Development and Technology, 1928“29,” pp. 313-333, Am. Inst. Miniiig 
Met. Eng. 
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too to use even for fuel purposes. Again, if certain types of ground waters 

are produced with the oil and air is used for restoring pressure or as a driving medium, 
the oxygen introduced with the air renders the water highly corrosive so that it 
rapidly attacks iron or steel casings, tubing, i)umps and other well equipment. The 
nitrogen content of the air-gas mixture is apt to be higher than in ordinary carbureted 
natural gas, probably because of absorption of the oxygen content of the injected air 
by petroleum. 

Flue gases from boiler plants or exhaust gases from internal-combustion engines 
are sometimes used as injection mediums; but, unless scrubbed with a solution of 
soda ash or other reagent to neutralize or remove the acid-forming constituents, these 
gases are likely to have a very corrosive effect on the transmission lines and well 
equipment, especiallj^ -when subjected to high pressures. Large amounts of water 
are formed in the combustion of gas, and this must also be trapped from the gas before 
it enters the transmission lines. Such gases are somewhat more soluble in petroleum 
than air but would otherwise appear to have little advantage except as a means of 
reducing oxygen contamination. 

Natural gas is subject to none of the disadvantages of air and flue or exhaust 
gases. On the contrary, its use tends to reduce the viscosity and density of the oil 
and it is an excellent carrier of gasoline vapor. Natural gas is doubtless preferred 
by most oil producers for injection purposes where it is available at a reasonable 
price. Even though the gas has to be purchased and may be rather costly, if the 
wells are secure against gas leakage there will be little loss in recycling and all gas 
used may be recovered and marketed, probably at a higher price than that at which 
it was valued when first injected. 

Compression and Distributing Systems for Gas-injection Projects. — Equipment 
for gas or air compression and distribution in connection with oil-producing operations 
has been described in an earlier chapter (see pages 185 to 188). The type of com- 
pressor equipment and distributing systems described for use in gas-lift operations 
may also appropriately be employed in gas-injection projects. The compressor 
plants are generally equipped with two-stage machines direct-connected or belted 
to gas or oil engines or electric motors. Intercooling between the two stages of com- 
pression is usual. Individual compressor units commonly range from 50 to 180 
hp. in capacity, and a sufficient number of units are customarily grouped together 
in one central plant, serving the entire project or property. In some fields, a com- 
pressor capacity of 1 to 3 hp. per well included in the project (injection plus recovery 
wells) has been found sufficient. 

Gas-distributing lines may be arranged in the form of a loop with branches from 
the main loop connecting with the various injection wells. An alternative plan makes 
use of a “header” system, in which a separate pressure line leads to each well from a 
centra! distributing point. The loop system is less costly, but the header system 
offers certain advantages in facility of control. Distributing mains may be 6 in. 
or more in diameter, and laterals range from 1 to 2 in. in size. 

Volume- and pressure-control devices, preferably of automatic recording type, are 
desirable in the distributing line to each injection well. With the header system of 
distribution, these may all be situated at one central point for convenience in observa- 
tion and regulation. It is advisable to have a record of gas volume injected at each 
well, and continuous pressure records wdll be helpful in disclosing irregularities in 
flow of gas through the reservoir rock, wffiich are often indicative of by-passing tend- 
encies. Some operators are content with occasional gas-pressure and volume measure- 
ments that may be taken from time to time at each individual injection well by means 
of a portable meter unit. 



440 


OIL FIELD EXPLOITATION 


Gas produced witli the oil, at the producing wells, is gathered by a system of 
low-pressure pipe lines connecting with the oil and gas separators and transmitted 
to the compressor plant for recoinpression. The suction of the compressors may be 
sufficient to accomplish this; otherwise, small booster’’ compressors must be installed 
at favorable points thronghont the field. 

Use of Wet Gas and Liquid Hydrocarbon Condensates as Gas -driving Mediums, — 
Gas produced with oil, from producing wells in gas-drive projects, often contains 
condensable gasoline-forming vapor in sufficient quantity to make gasoline recovery 
commercially attractive. If an extraction plant is not a-vailable to recover the gaso- 
line, the ‘Vet” gas trapped from the oil may be compressed and recycled directly 
back to the injection wells. Some of the gasoline vapor is, however, necessarily 
condensed in the process of compression. If the gasoline is extracted in an efficiently 
designed gasoline-recovery plant, the condensate recovered often contaiiis considerable 
amounts of propane and butane, wduch “weather” from the gasoline or are segre- 
gated as a separate component in the operation of fractionating towers or stabilizers. 
Either wmt gas or butane-propane condensates, injected into a partially depleted oil 
reservoir rock, are of value, in stimulating recovery and have been occasionally used 
by oil producers in gas-drive projects. 

High vapor-pressure condensates, such as butane and propane, injected under 
pressure into the productive formation ])lend with the residual oil in the reservoir 
rock to form a mixture of much lower viscosity tlian the original oil, a mixture that 
adheres much less tenaciously to the mijieral grain surfaces and is driven with com- 
paratively little resistance to the recovery wells. On approaching the lower pressure 
recovery wells, the propane and butane again assume the gaseous phase, driving the 
accompanying oil into the recovery wells by gas expansion. Ultimately all the high 
vapor-pressure hydrocarbons vaporize and are recovered, to be recycled and again 
injected in further recovery operations if the quantity of available residual oil war- 
rants. Laboratory experiments, involving use of this process on a small scale, indi- 
cate almost complete recovery of the residual oil from iincoiisolidated sands. Wet 
gases behave in much the same way, the gasoline-forming constituents condensing 
under the injection pressure and blending wdth the residual oil in the reservoir rock; 
or, if injection pressures are low and they remain in the vapor phase, they are capable 
of scrubbing the mineral grain surfaces of the reservoir rock f ree of much of the adlier- 
ent and capillar^^-held oil. 

Operation of Hatural Gasoline Extraction Plants in Conjunction with Gas-drive 
Projects. — The yield of natural gasoline Vviil be greatty augineiited by recycling gas 
in gas-injection projects, particularly where natural gas is used as the pressure niediiiiri 
instead of air. Though the recycled gas flowing from the producing wells is generally 
leaner in oil vapor than the primary gas associated originally witii the oil, this defieieiicy 
is more than compensated for by the greater volume of gas circulated. During the 
total productive life of the pool, each cubic foot of gas may be produced and returned 
to the reservoir rock several times and each cycle will yield its quota of gasoline vapor. 
Probably a large part of this vapor represents adherent oil that would not be producible 
except by this or other artificial methods of recovery. The recycling process will, 
in many cases, require enlargement and redesign of extraction plants, owing to the 
leaner character of the gas and the greater volume that must be treated. For exam- 
ple, in one mid-continent project in which 380,000 cu. ft. of residue gas was daily 
recycled back into a reservoir sand, gas production increased within, a year’s time 
from 480,000 to 900,000 cu. ft, per day. During the month preceding application of 
the process, gasoline recovery from the gas was 47,600 gal., and a year later, produc- 
tion was at the rate of 63,000 gal. per month. However, the gasoline content of the 
gas diminished from 3.33 to 2.31 gal. per M cu. ft. 
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Use of air instead of natural gas for gas-driving tends, at first, to reduce the recovery 
of gasoline from the recycled gas, but continued recycling gradually builds up the 
volume of the gas produced to such a point that substantial gasoline recoveries are 
possible, though the gas-air mixtures often continue to be lean. In one mid-continent 
project, dilution of gas by air forced into the reservmir sands reduced the gasoline 
content from 4.6 to only 6.28 gal. per M cu. ft. With continued recycling, however, 
in two years, the gasoline content increased to 1.56 gal. Later, owing to the greater 
voliime^h gas treated, the total rate of gasoline recovery exceeded the original rate 
before gas injection was begun. 

Gas-drive Production Records. — Ultimate recovery has been increased, by appli- 
cation of the gas-drive method, 25 to 200 per cent- That is, after a property has 
ceased to be commercially productive, gas driving affords a means of securing an 
additional “crop’' of oil which, under favorable circumstances, may be as great or 
greater than that previously recovered by primary exploitation methods. The 
ultimate recovery possible is, of course, dependent upon unit production cost and the 
market value of the oil produced. The time necessary for a gas-injection project to 
build up its maximum rate of production depends upon many different factors but 
may be an 3 'thing from a few months to many years. Decline from the production 
peak is usualU" slowv Some projects in the Appalachian fields of the United States 
have been under way for 15 jmars or more and still are yielding oil at rates in excess 
of those prevailing when gas injection was begun. 

Maii^' descriptions are to be found in oil-technology literature of recent years, 
certifying to the efficacy of the gas-drive method. Production on a certain property 
in Pennsylvania had declined to only 2,800 bbl. annually. A compressed-air drive 
was initiated that, during tlie first 3 ^ear of operation, yielded a production of 10,000 
bbl.; and, during the subsequent seven years, the rate of production never fell below 
9,600 bbl. per year and was occasionally as high as 11,000 bbl. During the tenth 
year of air driving, production rose to 13,000 bbl., or more than four times the rate 
during the last year of pumping under natural pressure. 


Table XXII. — Results of Air Drives on Four Oil-producing Properties in 

Ohio* 


Natural produc- 
tion before use 
of air, bbl. 

Estimated sub- 
sequent pro- 
duction with- 
out air, bbl. 

Total esti- 
mated produc- 
tion without 
air, bbl. 

Actual produc- 
tion after use 
of air, bbl. 

Increase due 
to use of air, 
per cent 

17,308 

5,270 

22,578 

27,515 

98 

16,229 

2,360 

18,589 

13,672 

61 

16,500 

1 , 735 

18,235 

14,665 

71 

44,660 

6,350 

51,010 

42,810 

71 


* After R. B. Bossier, Dept. Internal Affairs of Pennsylvania, Bull. 36. 


Table XXII presents results obtained by air driving on four properties in Ohio. 
It will be rioted that an increase in ultimate recovery of 61 to 98 per cent had been 

* Brundeed, W. J.j Results of Repressuring Depleted Sands in Old Pennsylvania 
Fields, National Petroleum. News, Feh. 6, Feb. 13, 1929. 

Haskell, R. M., Air-pressure Recovery in the Eastern Fields, Am. Petroleum 
lmt.,Prod. Eng. Bull. 202, 1928. 
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obtained from these properties at the time the figures were assembled, and production 
was still continuing. 

Figure 236 presents, in graphic form, a record of production by gas driving in the 
Elliott Pool, Nowata County, Oklahoma, in which a production more than four times 
the previous rate under vacuum was attained within a year following introduction of 
the process. Figure 237 presents a record of gas driving on a Pennsylvania property 
over a period of 14 years. It will be noted that, in this case, a maximum rate of 
production was obtained 4 years after initiation of the project, which was 2.6 times 
the initial rate, and that production declined gradually from the peak over a period of 
9 years but at the end of this period was still 1.6 times the initial rate. 

Results obtained by selective pressuring, with separate means of control of the 
injection pressures applied to different component strata of the reservoir rock, indicate 



Fig. 236. — Graphs showing increase in producliion from the Elliott pool, Nowata County, 
Oklahoma, as a result of gas-pressure restoration. 


that this method may be considerably more eifficient than ordinary gas driving. On 
one property in Pennsylvania, where selective pressuring was employed, gross produc- 
tion during a period of 20 months was estimated to be more than seven times wliat 
would have been possible by continuing natural drainage and more than three times 
what could have been obtained by ordinary gas-didving methods with no opportunity 
for selectively controlling injection pressures on different strata. 

Unit Control Desirable in Gas-drive Operations. — Maximum recovery efficiency 
and lowest production costs in gas-drive projects are attained when the method may 
be systematically applied to large tracts, preferably to entire pools. In this way, an 
efficient exploitation program may be adopted, selection of injection wells may be 
made without regard to property lines, proper pressure control on all injection, and 
producing wells can be applied and more uniform pressure conditions throughout the 
area under exploitation may be maintained. Compression of gas can be accomplished 
in one large, efficient central plant at roinimum cost, and all expenses incidental to 
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ndministration, engineering, well maintenance, gas collection and distribution and 
pressure control are prorated over a large production so that their influence on unit 
production cost is minimized. J. O. Lewis reports that in a mid-continent field 
where opportunity was afforded to compare results of repressuring in two like areas, 
one unitized and the other competitive, the unitized area earned more than twice as 
much per acre as the competitive area. 

Gas-drive Cost Data. — In 1917, Lewis estimated the cost of equipping oil proper- 
ties for gas or air driving at $50 to $150 per well, or $30 to $50 per rated horsepower 
used. In 1926, the same authority stated that the cost is often as low as $50 per acre, 
though it is necessarily much greater for thicker and deeper sands. Electrically 
driven compressors in the California oil fields cost $50 to $80 per horsepower to install. 
Gas-engine-driven plants average about $115 per horsepower. 

The gross cost of operating under gas drive is necessarily larger than under opera- 
tion by natural production methods. Some operators estimate an increased cost of 



Fig. 237. — Graphs showing increase in rate of oil production as a result of gas injection, and 

increase in gas-oil ratio with lapse of time in operation of a gas-driving project. 

25 to 50 per cent, and, in extreme cases, the cost per well day is almost doubled. 
Increased operating cost is due almost entirely to the added cost of gas compression 
and transmission, which ranges from 1 to 5 cts. per M cu. ft., averaging perhaps 
2}4 to 3 cts., for two-stage compression up to 300 lb. per square inch or more. Lowest 
compression costs are realized in large-capacity central plants. Where gas fuel is 
pleiitiful and cheap, compression costs with gas-engine-driven compressors are usually . 
lower than when electric power is used. Because of the greater volume of production 
secured, unit production cost is often lower by gas drive than by natural-recovery 
methods, tinder favorable conditions, unit costs are only 25 to 50 per cent of the 
unit cost bj^ natural methods. 

Storage of Natural Gas m Depleted Reservoir Strata 

During the early period of development in many oil fields, natural gas in excess of 
field and market requirements is brought to the surface and, because of lack of any 
suitable means of storage, is wasted. In such a case, if there is a depleted or partially 
depleted oil pool in the region with a well-defined closed structure, and within economic 
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radius of gas transmission by pipe line, the surplus gas may be transported from the 
flush area to the depleted field and there injected through some of the old wells into 
the partially drained reservoir rock. Later, when there is a profitable market for the 
gas, it may again be produced, with small volume loss. Usually, too, it can be counted 
on to bring an additional ‘^crop” of oil to the surface that will, in many cases, more 
than repay the cost of gas transmission and injection. Storage of natural gas in 
depleted oil reservoir rocks has been successfully practiced in several Appalachian 
and California oil fields. 


Enrichment oe Natural Gas by Passage through Depleted Oil 

Sands 

After all drainable oil has been recovered from an oil reservoir, the mineral grain 
surfaces are still wet with adherent oil. From such reservoirs, hydrocarbons in vapor 
form may still be recovered by passing dry gas through the pore spaces of the rock, 
injecting it at one well and producing it from another. The gasoline-forming vapor 
content of the enriched gas may be sufficient to make it a commercially attractive 
source of natural gasoline. Gas rna^^ thus be recycled over and over again, using it 
merely as a medium for absorbing gasoline vapor from the adherent oil films on the 
mineral surfaces of the reservoir rock and transporting it to the surface. Interesting 
possibilities are also presented for the enrichinent of low-therm al-value manufactured 
gas, passing tlie gas from well to well through the reservoir rock so that it majuibsorb 
iow-boiling fractions of the residual oil, thus increasing its thermal and illuminating 
value before it is transmitted to the consumer. 

THE WATER-FLOODING PROCESS 

The water-flooding process operates by introducing water under 
pressure through one well, causing movement of fluids through the 
reservoir rock to other wells that are floweel or pumped for oil in the 
usual manner. As the water progresses slowly through the reservoir 
rock, it gathers, ahead of its advancing front, a “bank’’ of oil which is 
eventually forced from the reservoir rock into the producing wells. If 
the flood advances uniformly through the reservoir rock, its pores are 
left filled with wmter, the capillary-held oil previously occupying a part 
of the pore space being largely displaced. In addition to this, the water 
may be successful, through operation of certain interfacial tension effects, 
in preferentially wetting the mineral surfaces, thus displacing a part of 
the adherent oil from the previously oil-wet surfaces. This latter effect, 
however, is ordinarily incomplete unless aided by addition of flooding 
agents having the property of promoting release of the adherent oil. 
The value of a process of recovery, which may be even partially successful 
in releasing adherent oil, is better appreciated when the great area of 
rock surface exposed to the oil, and providing an opportunity for adhesive 
retention, is considered. A large part of the original oil content of the 
reservoir is required merely to wet the mineral surfaces. 

Neither the gas-injection nor the vacuum methods of recovery have 
any important influence on the volume of adherent oil retained, operating 
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primarily in reducing the percentage of capillary-held oil. Water 
flooding^ on the other hand, may, under favorable circumstances, recover 
a large part of both the capillary-held and adherent oil. Processes of 
recovery based on use of flowing gas can probably never be expected to 
recover, in field practice, more than 40 per cent of the oil initially present. 
Water flooding may be considerably more efficient, laboratory tests indi- 
cating a recovery fully 20 per cent greater under comparable conditions. 

Theoketical Aspects op the Water-flooding Process 

In determining whether the water-flooding process is adaptable 
under conditions presented in a given field, it is important that the 
influence of various factors controlling flooding efficiency be fully under- 
stood. Among the more important variables having a bearing on the 
result are the permeability, porosity and size of the pore openings of the 
reservoir rock and the viscosity, density and surface tension of the oil. 
Continuity and uniformity in permeability and texture of the reservoir 
rock are important considerations. The time factor or the rate of flood- 
ing, also, has an important influence on the efficiency attained. Flooding 
experiments conducted under laboratory conditions have been productive 
of results that afford a basis for prediction of the effect of each of these 
different factors. 

Flooding experiments with accurately sized unconsolidated sands 
indicate that greater efficiency is attained with coarse-grained than with 
fine-grained sands.* Some have assumed that the displacement of oil 
from sand by water is a result of the operation of differential capillarity. 
The surface tension of water being about 2)^ times that of crude petro- 
leum, it is reasonable to assume that the displacement effect is due to 
tlie selective action of capillarity. Laboratory results, however, do not 
accord with this conclusion, it being found that sands having large pore 
openings flood more effectively than sands having small pores in which 
we should expect to find capillary force developed to a high degree. 
Laboratory data also indicate that the viscosity of the oil has an impor- 
tant influence on recovery efficiency in water flooding, much higher 
yields being secured from sands containing light, mobile crudes than 
from those containing heavy, viscous oils. Temperature, of course, has 
an important effect on oil viscosity and, to this extent, influences oil 
recovery in water flooding, higher recovery being secured at higher 
temperature. 

Among the most important factors influencing water-flooding effi- 
ciency are continuity and uniformity in porosity and permeability of the 

* Uken, L. C., and Fahmy, E. H., Factors Influencing Recovery of Petroleum 
from Unconsolidated Sands by Water Flooding, “Petroleum Development and 
Technology, 1927T pp. 318-336, Am. Inst. Mining Met. Eng. 
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reservoir rock. If the strata are much ^^broken” by clay partings, 
cross-bedding, etc., it will be difficult to drive the fluids through the 
reservoir rock from well to well. Even though the formations are 
continuous, there are often great differences in permeability and texture 
of the different strata comprising the reservoir rock, or the permeability 
of the same bed will vary mthin wide limits at different points. Such 
conditions lead to erratic flooding effects, the flood water passing more 
rapidly through the highly permeable channels and engulfing large bodies 
of tight sand before the oil has been displaced from them. Figures 238 
and 239 illustrate effects that, it is thought, would be of common occur- 
rence if water flooding were applied to strata of variable permeability. 



(From a 'paper hy the author in National Petroleum News.) 

Fia. 238.- — Sketcli illustrating “pocketing" of oil due to more rapid migration of water 
through the coarser of two oil sands. 

The rapidity with which a water drive is conducted will have an 
inaportant influence on the effectiveness with which residual oil is dis- 
placed, higher recoveries being secured with slower rates of progress. 
If water is forced too rapidly through a reservoir sand, it will have a 
greater tendency to channel through the oil “bank” and trap bodies of 
undrained sand. Also, a slower rate of advance of the flood permits the 
water to displace more completely the adherent oil from the sand grains, 
time being an essential factor in the readjustments of interfacial tension, 
which must take place when water displaces oil on mineral grain surfaces. 

The hydrostatic pressure necessary to cause water to enter the 
reservoir rock at injection wells and drive the residual oil toward the 
recovery wells will vary with the sand permeability, the viscosity of the 
oil, the amount of residual oil in the reservoir, the distance between wells 
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and the rate of flow desired. In the Bradford field, a pressure of 350 lb. 
per square inch, developed by a hydrostatic head of about 800 ft. in the 
injection wells, advances the flood water between wells 150 ft. apart, 
an average of only 2 in. per day. Higher injection pressures, obtained 
with greater fluid heads or by superimposing pump pressure on the 
natural head afforded by the depth of the well, cause a more rapid rate 
of advance of the flood water or permit of spacing wells a greater distance 
apart. 

It seems probable that the water injected at pressure wells does not 
spread out in the reservoir rock radially as some have assumed, but rather 



(From a paper by the author in National Petroleum News.) 

Fig. 239. — Sketcli illustrating ^‘pocketing” of oil in fine-grained lenses embedded in 
coarser sands, during the course of a flooding operation. 

that it seeks the path of minimum resistance as determined by variations 
in permeability and distance to productive wells. Flow between wells 
may be quite erratic, perhaps following some circuitous channel that 
offers less resistance to flow than the straight path between two wells. 
The nearest well does not necessarily offer the outlet of lowest reservoir 
resistance. Uniformity of flow distribution to several producing wells 
from an injection well may be accomplished by applying varying degrees 
of back pressure on the producing wells. 

There has been considerable discussion among engineers relative to 
the form of the area swept out within the reservoir stratum between the 
injection and producing wells. Assuming a reservoir sand of uniform 
thickness and permeability, Herold* concludes, by application of analyti- 
* Heeold, S. C., Some Analytical Principles Concerning Oil Recovery by Forced 
Drive, “Petroleum Development and Technology, 1926,^’ p. 218, Am. Inst. Mining 
Met. Eng. 
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cal methods, that the area flooded is elliptical in shape (see Fig, 240). 
Now'els“’' confirms this and states that the width of the ellipse is a function 
of the pressure applied to the flood water at the injection well, additional 
pressure at injection wells resulting in increased ultimate recovery in 
Bradford field practice. Presenting the results of laboratory research, 
Wyckoff, Botset and Muskat-® show that the areas “flooded” in their 
electrolytic models are lemriiseate in form as long as fluids are being 
extracted from the reservoir rock and circular in form when the producing 
wells are shut in. Wyckoff also states that the width of the area swept 
out is independent of the pressure applied and that additional injection 
pressure operates merely to increase the rate of advance of the flood 
water through the reservoir rock. 

A considerable part of the pressure loss between the injection and 



(From a paper hy the author in National Petroleum Netos.) 

Fig, 240. — Sketcli iliustruting elliiiticvU form of the area swept out between two wells in 

water flooding. 


about tfi(‘ wells, the fluids are moving more rapidly than some distance 
away whore they are spread out over a greater area and the pressure 
loss increases as the rate of flow increases. Forming large cavities about 
both the injection and recovery wells will reduce the pressure loss mate- 
thus ^)e^mitt^ng wider spacing of wells or a more rapid rate of flow 
if dc'sircMl; or, if not, a lower input pressure may be- used. Such cavities 
may be formed with the aid of explosives or by hydraulic methods. 

Interfacial Tension Phenomena and Their Influence in Displacement 
of Adherent Oil from Partially Depleted Reservoir Rocks. — The relative 
wetting powers of oil and water for the mineral surfaces of the reservoir 
rock is an impcjrtant consideration in determining the extent to which 
tlie adluTeiit oil is displaced by water flooding. Oil is in possession of the 
mineral surfaces when water is introduced, and if it is to be displaced by 
water, it must be by reason, of some superior attraction which the mineral 
has for wtiter in comparison with that which it has for oil. We may 
refer to this property as “wetting power,” but actually it is the result of 
certain more fundamental relationships to be found in the intermolecular 


SECONDARY METHODS OF OIL RECOVERY 


449 


attractions existing between water, oil and silica, of which mineral the 
reservoir rock is largely composed. These intermolecular attractions 
give rise to forces that are reflected in interfacial tensions between the 
three substances. 

Let us assume a condition in which two spherical silica grains are 
immersed, their lower halves in water and their upper parts in oil floating 
on the water. The lower half of each sphere is wet with water and the 
upper half with oil. If the water and oil now rise while the sand grains 
remain stationary, does the water displace the oil on the upper surfaces 
or do they remain wet with oil after they are inundated with water? 
The answer depends upon the relative magnitude of the interfacial 
tensions operative. Three interfacial tensions are developed: that 
between the oil and the water, that between the water and the silica 
and that between the oil and the silica. For the purposes of this discus- 
sion, these will be referred to as Tow, Tsw and Tso, respectively. 

The conditions of equilibrium require that one of these interfacial 
tensions must ahvays exceed the sum of the other two. The interfacial 
tension between water and oil is known to be low — seldom more than 
20 dynes per centimeter. Though we have not as yet a dependable 
means of measuring solid-liquid interfacial tensions, it is known from 
qualitative effects that they are much higher than liquid interfacial 
tensions. Hence, Tow may never be greater than the sum of Tsw and 
Tso, though either of the latter two may be greater than the sum of the 
other and Tow- Physical concepts indicate under the conditions above 
assumed : 

1. That if Tsw is greater than Tso plus Tow, the silica will remain wet 
with oil. 

* 2. That if Tso is greater than Tsw plus Tow, the oil will be displaced 
from its contact with silica, and the oil-wet silica surface becomes water 
wet. 

The greater the inequality between Tso and the sum of Tsw and Tow, 
the more readily and completely will be the displacement of oil by water. 
The greater the interfacial tension existing between a liquid and a solid, 
the less does the liquid tend to wet the solid. If we wish to encourage 
release of oil from a silica surface by flooding with water, according to 
the relationship stated under (2) above, we may do so by increasing the 
interfacial tension between the silica and oil, decreasing that between 
the silica and water or decreasing that between the oil and water. 

Use of Soda As a Flooding Agent. — It has been proposed that a water 
solution of sodium carbonate might be advantageously used in flooding 
oil from sand in lieu of water. Pure water is only partially effective in 
releasing adherent oil, but laboratory studies have shown that dilute 
soda solutions are much more effective, the adherent oil film on the 
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mineral surface being almost completely removed under favorable condi- 
tions. .'Use of dilute sodium carbonate solution as a means of freeing 
petroleum from bituminous sands was patented in 1920, and its use in 
extracting oil from tar sands was described by Fyleman*^ 2 years later. 
More recently, use of sodium carbonate solution, introduced through 
wells in flooding petroleum from its reservoir sands, has been proposed 
by P. G. Nutting, t w^ho has published several papers explaining the 
physical and chemical relationships involved. 

As explained in the preceding section, we encourage displacement of 
oil from mineral surfaces by reducing the interfacial tension between the 
silica and the water or by decreasing that between the oil and the wmter. 
When soda is in solution in the flood water, we do both, probably reducing 
the entire right-hand member of the inequality expressed under (2) above 
almost to zero. This results from the fact that the soda solution is 
chemically active on both the oil and the silica of the reservoir rock. 
When dissolved in w^ater, sodium carbonate hydrolyzes, forming sodium 
hydrate and sodium bicarbonate, thus: 

NasCOs + H 2 O = NaOH + HNaCOs, 

It is the sodium hydrate that is active in releasing oil, a solution of 
sodium hydrate or of any other substance — ‘Such as sodium silicate — 
that hydrolyzes to produce sodium hydrate being equally effective. 
Sodium hydrate reacts with silica to form sodium silicate. 

NaOH + Si02 = NaHSiOs- 

Reagents forming this substance in reaction with silica are found to be 
effective in releasing the adherent oil, even when in concentrations as 
low as J" 2 o normal. That the reaction does occur is evidenced by rapid 
loss of alkalinity of the solution when in contact with silica sand. It is 
considered probable that, owing to this reaction betwmen silica and sodium 
carbonate solution, the interfacial tension T^xo is reduced to a low value, 
thus promoting release of the oil. The interfacial tension Tow is also 
reduced to a low value, as can be demonstrated by actual measurement, 
and this, likewise, facilitates release of adherent oil. 

Microscopic studies of the displacement of oil from sand surfaces by 
a water solution of sodium carbonate indicate that the solution quickly 
envelopes each grain in turn, once it finds access to the silica surface 
through the oil film, but there is often a considerable delay in movement 
of the flood water from one grain to the next. In fine-grained sands, 

* Ftieman, E.j The Separation of Adherent Oil or Bitumen from Rock,. Jour, 
Soc. Chem.Ind., London, voL 41, pp. 14“T*~.16-T, 1922. 

t Nuttiug, .?. G., Che.mical Problems in the Water-driving of Petroleum from 
Oil Sa.nds, /rwl. vol. M;pp. 1035-"lOa6, October, 1925. 
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much of the oil thus released from the sand surfaces remains in the form 
of minute globules, trapped by the water in the sand pores. Because of 
this action, recovery is seldom in excess of 80 per cent of the original oil 
content and often considerably less. 

In flooding oil sands with soda solution through wells, Nutting* pro- 
posed that a concentrated solution be introduced for a time at each pres- 
sure well until a ^^bank” of solution has been accumulated behind the 
oil bank and that ordinary water be then used to drive the soda solution 
and the oil toward the recovery wells. In this way, the soda solution is 
supposed to remain at the front of the advancing water flood. Though 
it is admitted that the concentration of the active reagent in the flood 
water will be continually diminishing because of reaction with the reser- 
voir rock. Nutting believes that by starting with a concentrated solution 
at the injection well it may still contain sufflcient of the reagent after 
reaching the recovery wells, 150 ft. or more distant, to render it effective 
in displacing oil. This, however, mil depend upon the degree of chemical 
reactivity developed and the rate of advance. Laboratory research 
with California crudes leads the author to believe that the alkalinity of 
the flood water will not persist over so great a distance and for so long a 
time as would be necessary to flood out the area between wells 160 ft. 
apart. Results obtained in field tests with the soda process have been 
disappointing and have tended to confirm the author^s conclusion that 
the soda-flooding process, as at present conceived, will not be successful 
in field application. Some means must yet be found to maintain the 
concentration of the effective reagent at the oil-water interface. In 
addition to the question of its efficacy in displacing oil, the soda-flooding 
process would appear to have certain disadvantages in the tendency of 
the solution to react with other substances to such a degree as to cause 
deposition of secondary cementing material within the pores of the 
reservoir rock. Carbonates react readily with any soluble calcium salts 
that may be present in the reservoir rock or flood water, precipitating 
insoluble calcium carbonate. Sodium acid silicate, formed by action of 
the soda solution on silica, is a sticky, gelatinous substance that would 
tend to accumulate on the mineral surfaces and, under conditions which 
might easily be brought about, separate out amorphous silica, 

HisTOKicAii Development op the Water-Flooding Process 

It is probable that the first application of water flooding in oil recovery resulted 
from, accidental admission of water to oil sands from extraneous sources. Natural 
flooding effects along edge-water lines had been observed by early American oil 
producers, and knowledge of the beneficial effects resulting therefrom probably also 
had its influence in suggesting use . of a similar process applied by artificial means. 
The first application of artificial water flooding was apparently in the Bradford field 

* Nutting, P, G., 
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in northern Pennsylvania, about 1896, when sporadic efforts were made by scattered 
producers artificially to develop flood conditions that would increase the yield of 
their properties. However, opinion among early operators on the merits of flooding 
varied, and it was not until 1921 that the process was legalized by the Pennsylvania 
legislature. More recently, water flooding has been permitted in the oil-fields of 
Kansas and Oklahoma, but it is still illegal in some jurisdictions. Thus far, applica- 
tion of the process has been confined primarily to the Bradford-Alleghenj" district of 
northern Pennsylvania and southern New York and to some of the shallow fields 
producing from the Bartlesville sand in northern Oklahoma. 

Water-flooding Practice in the Bradford Field 

The Bradford- Allegheny district was originally exploited for oil in 1869 and reached 
its peak production of 23,000,000 bbl. per year during 1881. From that time until 
1907, production gradually dechned, finally reaching a rate of less than 1,500,000 bbl. 
per year. Since 1907, owing to the growing application of the flooding process, 
production has gradually increased until, in 1935, the field was producing at the rate 
of about 15,000,000 bbl. per year. Some wells in the district have produced con- 
tinuously for 60 years, many for upwards of 50 years. The total production per 
acre in the Bradford field, by ordinary methods of flowing and pumping, has averaged 
about 3,000 bbl., though some of the more prolific areas yielded upwards of 5,000 bbl. 
per acre. The residual oil content of the reservoir sand, after primary exploitation, 
has been estimated at 8,000 to 30,000 bbl. per acre, the average being about 10,000 
bbl. The productive sand is largely gas drained. 

In localities where conditions are favorable, operators in the Bradford field have 
secured 2,000 to 10,000 bbl. per acre by fl,ooding, after production by ordinary meth- 
ods had declined practically to the lower limit of profitable operation. Authorities 
estimate that it is possible to recover 40 per cent of the residual oil content, after pri- 
mary exploitation, by modern metliods of water flooding. It will he noted that 
higher per acre yields are anticipated l:)y water flooding than were realized in primary 
exploitation. Haphazard and often ill-advised efforts have characterized the early 
use of the flooding process, but it is prol:)a],)le tliat more sys'tematic methods, based on 
a better understandiiig of the subsurface, conditions, will result in greater recoveries. 

Oil production in the Bradford held is secured from a reservoir sand penetrated 
by the wells at a depth of 1,000 to 2,100 ft. beneath the surface, averaging about 
1,500 ft. The productive sand averages about 30 ft. in thickness; though, in some 
parts of the field, it is known to be 90 ft. tliiek. Approximately 30 per cent of the 
sand fomiation is shale, which yields no oil. The sand was not originally uniformly 
productive, there being hard and less permeable areas in wliicli the wells developed 
initial productions of 10 bbl. per day or less, whereas in the more permeable channels, 
initial productions of 35 to 60 bbl. per day were common. Maxiniimi initial produc- 
tions as high as 1,000 bbl. per day were experienced in a few cases. The oil sand is 
said to be unusually fine in texture. Screen analyses of core samples of the reservoir 
rock indicate that upwards of 80 per cent of the sand is finer than 100 mesh. The 
average porosity is only 11.5 per cent but in a few instances is reported as high as 
28 per cent. Core studies have also shown that the reservoir rock is less uniform 
in texture* and permeability than many have supposed. The upper 15 ft. of the reser- 
voir rock has been the source of most of the oil. The dip of the structure is slight, 
being only about 7 ft. per mile. 

In early methods of applying the flooding process in the Bradford field, water was 
admitted to the oil-producing formation through selected wells from water-saturated 
strata about 800 ft. above the oil sand. The hydrostatic pressure thus developed 
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was sufficient to cause the water to enter the productive sand, forcing its way toward 
the producing wells. Water advanced through the sand strata from the injection 
wells in the direction of least resistance, its rate of progress in different directions and 
in different strata varying with their lithologic characteristics. In many cases, early 
flooding practice made no effort to control the rate of influx of water, but a few oper- 
ators recognized the desirability of providing some degree of control and installed 
standing valves in the lower end of the tubing through which water entered the sands, 
with opportunity for manipulating the valve from the well-head. Though the source 
of the water provided a natural head of 800 ft., or the equivalent of a pressure of about 
360 lb. per square inch operative in the oil sands, water was able to enter the sands 
only very slowly. The rate of advance of the flood water through the sands varied from 
50 to 500 ft. per year; and from 2 to 3 years was often required to flood out the area 
between two wells 150 ft. apart. The rate of advance diminished with increase in 
distance from the injection well, until, at a distance of 500 or 600 ft. from the source, 
an equilibrium condition was reached and no further movement of water occurred. 

More recent practice in the Bradford field has tended toward increase in injection 
pressures by in j ecting water at the well-head under pump pressure. In some instances, 
pump pressures as high as 1,200 lb. per square inch have been superimposed on the 
natural head afforded bj’' the depth of the well, thus injection pressures are developed 
at the leA^el of the reservoir rock of 1,800 lb. per square inch or more. At such pres- 
sures, Tvells may be more widely spaced — ^as much as 300 ft. in some instances — and 
the flood water travels through the reservoir sand from the injection to the recovery 
wells in but a few months^ time. 

As the flood water advances through the reservoir sand, it accumulates ahead of 
it a “bank” of oil, which increases in thickness as the flood proceeds. Within the 
bank, the sands are supposedly completely saturated with oil in process of slow migra- 
tion through the sands. As the “bank” approaches a pumping well, production at 
once increases and continues at an enhanced rate until the bank has passed and the 
flood water begins to enter the well (see Fig. 240). Pressure applied by the flood 
water compresses the residue gas in the reservoir rock, so that much of it again enters 
into solution in the oil. The A.P.I. gravity of the oil is thereby increased, sometimes 
by as much as 2 or 3 deg., and the oil enters the recovery walls, in part, by partial 
release and expansion of this gas. The plane of contact between the water and the 
oil is seldom sharply defined, there being a gradual increase in water content of the 
fluid produced until water enters the wells in such large volume that it no longer 
is profitable to continue pumping. Some operators abandon pumping operations 
when the wells produce about 30 volumes of water to 1 of oil. When pumping wells 
are abandoned, they may be converted into water wells, and the flood may thus 
proceed from these as new centers toward other pumping wells in the vicinity. 

Arrangement of Injection and Producing Wells in Water Flooding. — Development 
practices vary among different operators, and a number of different methods of 
conducting flooding operations have been used. Wells are customarily drilled 100 to 
250 ft. apart. At least three systems of flooding are recognized. In the “circular 
flood,” a single well is first made a water-injection w''ell and other wells drilled in a 
circle about it are pumped for oil. As these are “watered out,” they, in turn, become 
water-injection wells, which continue the drive toward a second series of wells drilled 
concentrically about the first producers and so on, progressing outward in an ever- 
widening radius about a single well as a center (see Figs. 241 and 242). In a second 
method, known as the “line flood,” a number of wells arranged in a straight line are 
simultaneously made water wells and parallel rows of pumping wells are drilled on 
either or both sides (see Figs. 243 and 244). In the “boundary flood,” a special 
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Fig. 241. — Sketch illustrating arrangement of pumping wells about a water-injection well 
in conducting a “circular flood.” 
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{After J. B. Umpleby, Am. Inst. Mining Met. Eng.) 

Fig. 242.~Graphs showing typical production graph for a well influenced by a circle flood. 
Pumping is continued until the fluid produced contains only 3 per cent of oil. 
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type of line flood, all of the wells along a property line are made water wells, producing 
wells on either side being arranged in rectangular pattern or staggered in alternate 
rows. In a third method, sometimes called the ^^intensive system/^ of flooding, wells 
in every alternate row are made water wells, whereas those in the intermediate rows 
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Fig. 244. — Graphs shomng increase in recovery of oil by flooding from several centers 

toward a recovery well. 

are pumped. Wells may be arranged in rectangular or triangular pattern (see Figs. 
245 and 246). Variations in arrangement of injection and producing wells, now 
widely used and also properly included under the ^dntensive” system, include the 
five-spot'^’ and ^'seven-spot” patterns (see Fig. 246). The wells used in a ivater- 
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Fig. 245. — Arrangement Fig. 246. — Arrangement of injection and pro- 
of injection and producing duciiig wells in A, the “five-spot,” and B, the 

wells in the “intensive sys- “seven-spot” system of flooding, 

tern” of flooding. 

flooding network may be entirely new wells drilled for the purpose, or the original 
system of wells may be made a part of the water-flooding system. 

The circular flooding system is the oldest of the several methods but is slower and 
less efficient than the other methods. Oil is apt to be trapped in the sands between 
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wells wben this system is used because of variable rates of progress of the flood water 
through the reservoir rock in different directions. For this reason, the wells cannot 
be uniformly and systematically spaced. The line and intensive systems of flooding 
permit use of more systematic exploitation and lead to more complete recovery of the 
oil. Estimates of percentage recovery, based on laboratory studies, indicate possible 
recoveries for these systems ranging from 73 to 80 per cent, but such estimates do 
not contemplate by-passing and trapping of the oil by irregular advance of the flood 
water. Where such conditions obtain, field recoveries are doubtless much lower than 
indicated by laboratory results. The intensive systems of exploitation seek to arrange 
wells and conduct operations so that flood water will converge from two or more 
different directions on each producing well from injection wells grouped about it. 

Influence of Structure, Depth and Permeability of the Reservoir Rock on Spacing 
and Arrangement of Wells in Water Flooding. — The dip of the formation in the 
Bradford field is so slight that the oil sand is almost level. Under such a condition, 
the flood may proceed satisfactorily in any direction. If the formation dips steeply, 
however, consideration must be given to the effect of dip on movement of oil and water 
through the reservoir rock. Though some operators have apparently secured satis- 
factory results by down-dip flooding in the Bradford field, the difference in specific 
gravity between water and oil would seem to make up-dip flooding generallj^ preferable. 
If fields fsould be operated as units or if properties could be held in large tracts, a 
iogi(*al ])lan Avould be to start the flood at wells nearest the edge-water lines and 
prof-ec'd inward, flooding up the dip toward the crest of the structure. Local irregular- 
ities and minor structural flexures require special attention to avoid trapping large 
bodies of oil. 

If the productive acreage of a field is subdivided into small tracts and the sands are 
steep dipping, much damage may be done down-dip properties if owners near the 
crest begin flooding prematurely. Water introduced in up-dip locations will rapidly 
find its way down the dip through the coarser sand strata, establishing ■water-saturated 
cliamH'ls of cMmimunicaiion that will prevent subsequent successful flooding. Water 
lat(w int roduced in down-dip locations will always follow the water-saturated channels, 
halving the surrounding oil-wet sands untouched. The property rights of ail con- 
cerned can liest be protected lyy unit operation of each individual pool and adoption 
of a ])lan of development that will result in the production of a maximum quantity of 
oil from the pool as a whole, rather than from individua*! properties within it. 

If tlie oil occurs in beds comprising a productive interval of considerable thickness, 
the lower beds may be at considerably greater depth than the upper beds. On applica- 
tion of water pressure to the injection wells, a greater hydrostatic pressure is therefore 
developed on the deeper horizons, and other conditions being equal, the rate of flooding 
will 1)0 greater through the lower strata. Because of the great difference in pressure, 
this may result even though the deeper sands are of somewhat lower permeability 
than those near the top of the productive zone. Where an oil sand of considerable 
thickness occurs without persistent impervious ^'partings,” consideration must be 
given to the tendency of the water to flow along the bottom of the sand stratum, 
displacing the residual oil to the top. Oil may be freed from the adhesive and capil- 
lary grip of the sand, only to be buoyed up against the cap rock, while the water 
progresses toward and eventually reaches the pumping wells, where it ‘‘cones np’^ and 
takes possession of the wall rocks, thus sealing off large bodies of oil. 

The advancing flood-water line should be kept as nearly straight as conditions 
permit and (amcentric with or parallel tp the well or line of wells through which 
tin? water is applied. There will be opportunity, from time to time, to judge of the 
rate oi progress of the flood in different directions, by appearance of lyater in pumping 
wells nearest tiie source of the water. If one well of a line of pumplpg wells. ^‘^oCvS, lo 
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water before others in the group, injection pressures in the nearest water wells should 
be reduced for a time until the water line straightens out. Wells in a line of pumping 
wells should not be converted into water wells until all are ready to be abandoned as 
oil producers. 

Local variation in thickness, permeability and texture of the productive formation, 
or lenticular sand conditions, may require variation in spacing of wells to maintain a 
uniform rate of advance of the flood water. When a component stratum of the 
producing formation permits of too rapid migration of water, it may be desirable to 
seal this off in the injection wells, perhaps sacrificing the oil it contains for the larger 
recovery to be had from the remainder of the producing formation by so doing. The 
troublesome stratum may be temporarily excluded from access by the flood water by 
setting packers above and below it on the perforated tubing that conveys water into 
the well, placing a section of unperforated pipe between the packers. Multiple 
packers, set on two or more telescoping strings of tubing, permit of selective injection 
of water into different component members of the reservoir rock, regulating, at the 
well-head, the volume and pressure of the water entering each (see Fig. 235). Some 
progress has been made in development of chemical solutions that congeal and fill 
the pores of the wall rocks where the wells penetrate the more permeable strata, thus 
confining later application of flood water to the less permeable beds. 

Effect of Flood-water Pressure on Well Spacing, Development and Production 
Cost and Recovery Efficiency. — It is highly important in practical application of the 
water-flooding process that the hydrostatic head maintained on the water injection 
w^ells be such as will force water into the reservoir rock at a suitable rate. If the 
pressure maintained is too great, water will enter the reservoir rock too rapidly and 
the flood will advance so rapidly through the rock that a low efficiency of recovery will 
result. At such times, the flood water is likely to channel through the oil bank, by- 
passing large areas of oil-saturated sand. On the other hand, if an insufficient pressure 
is maintained in the injection wells, the water may be unable to enter the less per- 
meable strata, or it may enter so slowly as unduly to prolong the period of oil recovery. 

The pressure maintained on the flood water, the interval between wells and the 
rate of advance of the flood water through the reservoir rock are closely interrelated 
factors. It is possible, for example, under given reservoir conditions, to maintain 
the same rate of advance of the flood water with a wider spacing of wells by increasing 
the injection pressure; or, conversely, if it is desired to maintain a certain rate of 
advance of the flood water and the injection pressure that may be developed is limited 
by the depth of the well, the desired rate of flow may be secured by closer spacing of 
the wells. In shallow wells, an alternative is found in application of mechanically 
created pressure to the water in jected. Where a more rapid rate of recovery is desired 
for a given well spacing, it is possible to superimpose several hundred pounds of pump 
pressure on the natural hydrostatic head developed by the depth of the well. 

The most advantageous rate of recovery must be determined for each field or 
property, according to the physical conditions presented and in accordance with the 
economic factors that determine the financial profit to be derived. Slow flooding 
results in a greater ultimate recovery, but the interest cost of deferred realization of 
income may compel the extraction of such oil as can be secured in a shorter time. 
A balance must be struck between these opposing factors and the most economic rate 
of recovery thus determined. 

The pressure necessary to make the injection wells take fluid at the desired rate 
is also dependent upon the diameter of the well where it penetrates the reservoir rock. 
Enlarging the bore of the well decreases the necessary pressure. Forming cavities 
about the water wells within the reservoir rock, thus increasing the effective diameter 
from 6 in, to, say, 10 or 20 ft., may reduce the necessary injection pressure by upwards 



458 


OIL FIELD EXPLOITATION 


I 


of 50 per cent. Or, conversely, for the same reservoir conditions and well spacing, 
twice as much water may be forced into the reservoir rock with the same injection 
pressure. Well cavities formed about both the injection' and producing wells permit 
of important reductions in development and operating expense through reduction 
in the number of wells. 

Cost of Producing Petroleum by Water Flooding. — The greater part of the expense 
of producing oil by water-flooding methods, in present-day practice, results from the 
high development cost occasioned by close spacing of wells. Though individual wells 
cost only $2,000 to drill and equip in the Bradford field, at a spacing of 150 ft. there 
would be about two wells per acre and the development cost would be $4,000 per acre. 
If an acre of land yields 5,000 bbl. by flooding, the development cost wall be 80 cts. 
per barrel, exclusive of interest on the capital invested. Lifting cost, probably averages 
less than this, say 25 cts. per barrel, and administration expense an additional 10 cts. 
If we assume that land is worth $3,000 per acre, requiring a 60 cts. per barrel depletion 
charge, the total cost per barrel on the 5,000 bbl. per acre basis is $1.75. If the land 
produces only 3,000 bbl. per acre, the cost would be nearly $2.50 per barrel, and if 
only 2,000 bbl. per acre, the cost mounts to more than $3.60 per barrel. Only the 
relatively high price of Pennsylvaiiia-grade crude has made flooding operations profit- 
able in the Bradford field. Unless flooding efficiencies materially greater than have 
been realized in the past are secured by improved methods, it is clear that water 
flooding may be employed only where large recoveries are possible or when the oil 
produced commands a relatively high price. Fields exploited by this method must 
be comparatively shallow, for the cost of drilling the great number of closely spaced 
wells would become prohibitive at great depths. Economic application of the process 
in the deeper productive horizons will apparently require development of methods 
operative with wider spacing of wells than has been customary in Bradford practice. 

Although the economic outlook for widespread application of the water-flooding 
process along the lines determined by Bradford practice does not seem attractive, it 
is highly probable that improvements in the technic of flooding, leading to greater 
recovery eflicienc}^ and permitting wider spacing of wells, will permit of its application 
in many fields where conditions are found to be favorable. Indeed, the high per- 
centage extraction possible by this method promises to make it the peer of all methods 
in whicli oil is recovered through wells, but means must yet be developed to permit of 
its widespread economic application. Important advances in flooding technic are 
possible through the perfection of methods involving use of flooding agents having the 
property of promoting release of adherent oil from the reservoir rock. Possible use of 
alkaline salts for this purpose has been discussed in a previous section. Means of 
maintaining the concentration of active reagent in the flood water, or more persistent 
flooding agents than those yet known, would afford a notable increase in flooding 
efficiency. 

Selection and Treatment of Water for Use in Flooding Operations. — It is important 
in selecting a water supply for use in flooding operations that it should be chemically 
inactive and free of sediment that might I'esult in clogging the pore spaces of the 
reservoir rock about the injection wells. Most ground watei’s contain dissolved 
ferrous salts that, on further oxidation by contact with air, deposit insoluble ferric 
iron as a cementing material on the mineral grain surfaces of the reservoir rock. 
Carbon dioxide from atmospheric sources, brought into contact with dissolved silica 
in alkaline solutions, will precipitate a siliceous cementing material within the pores 

* Stephenson, E.. A., ’and Geettum,. I. G., Valuation of Oil Flood Properties 
^'Petroleum Uevelopment and Technology, 1930,'' p. 277, Am. Inst. Mining Met. 
Eng, Tech.Fuh, Z2B, ^ 
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of the reservoir rock. Soluble sulphates or carbonates in the flood water may find 
intimate contact with substances in the reservoir rock that will cause precipitation of 
insoluble cementing material. Suspensions of inert solids of anj’^ kind in the flood 
water will accumulate within the pores of the wall rocks about the injection wells, the 
reservoir rock acting as a filter that eventually becomes clogged so that further injec- 
tion becomes difficult. 

In flooding operations in the Bradford district, little difficulty was experienced 
when subterranean sources of water supply were used in early application of the flood- 
ing process, but more recent use of surface and shallow ground waters has required 
chemical treatment to coagulate suspended matter and render inert the chemically 
active dissolved salts.* It has been found inadvisable to operate shallow water wells 
with air lifts because the oxygen, so introduced, promotes chemical activity, and water 
wells are preferably mechanically pumped. 

Delayed Operation of Producing Wells. — A method of reducing '^by-passing'' 
losses, resulting from more rapid movement of flood water through the more permeable 
component strata of the reservoir rock, involves application of flood water through 
the injection wells for some months before the surrounding wells are allowed to pro- 
duce. Producing v/ells are preferably not drilled until pressure has been built up in 
the area to be drained. Pressures high enough to cause flood water to enter and dis- 
place oil from the less permeable beds may then be applied at the injection wells with- 
out danger of by-passing through the more permeable channels. By this means, oil 
is accumulated under considerable pressure in the areas about the producing wells, all 
voids in the reservoir rock between wells are filled with water and much of the residual 
gas is so highly compressed that it is forced back into solution in the oil. When the 
producing wells are opened, oil will flow to the surface if the reservoir pressure is 
sufficient, so that wells do not have to be pumped, natural flow being aided by escape 
of dissolved gas from solution in the oil. In the Bradford field where this method was 
first applied in conjunction with "five-spot" and "seven-spot" intensive flooding 
patterns, important increases in ultimate recovery have been indicated. 

Operation of Producing Wells under Back Pressure.-— Applying high back pressure 
to producing wells leads to a result somewhat like that attained by delayed operation 
of producing wells. The entire reservoir rock between wells may be maintained under 
elevated pressure, residual gas is caused to enter into solution in the oil and wells 
may be made to flow their production. The rate of production may readily be 
restricted to conform with proration requirements. Another method useful, where 
production must be restricted, involves alternate shutting in and reopening of pro- 
ducing wells, permitting pressures to build up in the reservoir rock between periods of 
production. It is believed that ultimate recovery is materially increased by this 
practice. 

DRAINAGE OF PETROLEUM THROUGH MINE OPENINGS 

Inefficiency in methods of oil recovery, in which petroleum is brought 
to the surface through wells, is largely due to the relatively small wall 
space presented by the wells to the oil reservoir rock and to the difficulty 
of establishing conditions within the well that will influence the mobility 
of oil at remote points. Conditions attending radial flow of oil through 

* Clakice, L. J., Treatment of Flood Waters in Bradford Field for Removing 
Corrosive Suspended Matter, Oil Gas Jour,, Jan. 11, 1934, p. 16. 

Gretzingee, W., Filtering Plants and Delayed Flooding at Bradford, Oil-Field 
Eng.^ August, 1930, pp. 17-19. 
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the reservoir rock toward the well outlet are such that great resistance is 
interposed, resistance that the available expulsive forces are only partly 
able to overcome. Dissolved and occluded gas within the oil, often 
the principal motivating agent, is difficult to control, so that it escapes 
to the wells, leaving a large part of the oil behind. Conditions within 
the oil reservoir rock can be visualized only imperfectly from the cores 
and other data secured in drilling. Minor variations in saturation of the 
oil-bearing stratum and irregularities of bedding between wells are only 
partly disclosed by the drilling records; hence, the location and spacing 
of wells and the most desirable methods of well operation become matters 
of conjecture rather than certainty. Lack of detailed knowledge of 
reservoir conditions prevents intelligent development and operation of 
oil-producing properties, and methods of recovery may be adopted that 
more complete subsurface data would show to be inadvisable. 

Many of the difficulties and uncertainties responsible for the low 
recoveries obtained in producing oil through wells may be overcome by 
adopting methods that will permit of immediate access to the reservoir 
rock, that is, by sinking shafts or tunneling into the oil sand or the strata 
immediately adjacent thereto. By this means, the local character and 
variation in saturation of the reservoir rock may be acciiratel}' determined, 
and methods of recovery best adapted to the conditions presented may 
be applied. The advantages of exploiting oil deposits through mine 
openings have long been recognized, but the obvious technical and prac- 
tical difficulties presented and the economic difficulty of competing with 
cheap oil from fields in flush production have prevented extensive appli- 
cation of this method of recovery. 

Oil-mining Methods 

Methods of producing petroleum by underground operations may be 
classified under three general systems: (1) actual mining of the oil reser- 
voir rock and removal of it to the surface for treatment by washing, 
flotation or retorting; (2) drainage of oil from the reservoir rock, without 
actual mining of it, through mine shafts and galleries or ^Tlrifts^^ 
driven directly into and through the oil sands and (3) drainage of oil 
from the reservoir rock, without actual mining of it, through mine open- 
ings driven primarily outside of the oil sand but comniimicatiiig there- 
with by bore holes or “mine wells. 

Mining of Oil-bearing Sand and Removal of It to the Surface for 
Extraction of Oil. — Actual mining of oil sands was practiced in the Pechel- 
bronn oil field in Alsace, France, as early as 1735. The early French 
methods involved sinking shafts to penetrate the reservoir rock only 100 
or 200 ft. beloiv the surface, excavating the sand in , short drifts driven 
from the shafts, hoisting it to the surface' and washing with boiling water 
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to release the oil. After the drifts had been extended to the limits afforded 
by natural ventilation from the shaft, the pillars were robbed and 
the openings filled with waste. Water encountered in the oil sands fre- 
quently compelled abandonment of the workings, and unexpected flows 
of gas occasionally caused fires and explosions. - This practice continued 
on a small scale in the Pechelbronn field until 1866 when, on encountering 
deeper, more prolific sands, it was found that a satisfactory recovery 
could be secured from the sands by draining them in place through 
mine openings, without actually removing them to the surface for 
treatment. 

Though this original method of oil mining, involving complete excava- 
tion of the oil sand, is not now used,it is still spoken of by some authorities 
as the ultimate in oil-recovery methods. There is little doubt but that 
a greater percentage recovery of the oil may be secured by this method 
than by any other. Practically complete extraction of the oil from such 
sand as can be brought to the surface for treatment is possible, but it 
is improbable that actual mining of oil sands will again be attempted 
because of the high cost and physical hazards presented. Other methods 
involving drainage of the sands in-place, though less efficient, are cheaper 
and can be conducted with less risk. 

A deposit of tar sands in the province of Athabasca, Canada, contains 
a very large reserve of oil that may be recovered by surface-mining meth- 
ods followed by treatment of the sand to liberate the oil. A small enter- 
prise, said to be commercially profitable, is now producing several 
hundred barrels of oil per day from surface deposits of the Athabasca tar 
sands, the oil being removed by a process involving crushing and flotation 
of the product. It has also be suggested that oil might be efficiently 
recovered from such sands by crushing and washing with a dilute sodium 
carbonate solution. 

Subterranean Drainage of Oil Sands through Mine Workings Driven 
Directly into and through the Oil Sands.- — Drainage of oil through mine 
galleries driven directly through the oil-bearing sands, and without actual 
mining of the sands except that involved in excavation of the galleries, 
has been successfully practiced in two different European oil fields during 
recent years. One of these projects is situated in the Pechelbronn field, 
near the City of Strasbourg, France, and the other in the Wietze field, 
near the city of Hanover, Germany. In Ventura County, California, 31 
tunnels were driven, some as early as 1866, to intersect oil sands from 
which a small production was had for many years. One of these tunnels 
attained a length of 1,900 ft. Other efforts to secure oil in this way have 
also been made in Texas, Kentucky and Pennsylvania and in the Grozny 
field of Russia. Of these different projects, that in the Pechelbronn 
field is most highly developed, 
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Methods Employed in the Pechelbronn Mines. — The presfuit mining enterprise 
in the Peciielbronn field had its inception in 19.16 when Germnn\^, then in control of 
Alsace, experienced a shortage of oil products as a result of wartime conditions. 
Shafts were sunk to the level of the more prolific oil sands, and drifts were driven 
directly through them. Large drainage surfaces exposed in the mine tunnels per- 
mitted much of the residual oil left in the sands during the preceding 37 years, when 
the field was exploited by wells drilled from the surface, to flow into the mine workings 
where it was gathered in underground storage sumps from which it could be eco- 
nonaically pumped to the surface. So successful was this enterprise that after the 
war, when the territory became the property of the French government, the mines 
were leased to a French mining company, which has continued their operation. 


Fig. 247. — Part of Ciemenceau Mine surface plant and (middle distance) Pechelbronn 
refinery, Pechelbronn field, Alsace. 

In the Pechelbronn field there are three separate mines under the same management, 
each of which has two vertical shafts which extend down from the surface to the more 
prolific oil sands, ranging from 495 to 775 ft. in depth. Each of the shafts is circular 
in cross section, steel-and-concrete lined, with two hoisting compartments. From 
these siiafts, extensive systems of tunnels or galleries have been driven through the 
oil sands and overlying cap rocks. In all three of the mines, a total of upwards of 
100 miles of tunnels have been driven. In addition, more than 130 miles of bore holes, 
V/i to 2 in. in diameter, are drilled annually for exploratory purposes and as a pre- 
cautionary measure against the possibility of sudden flows of high-pressure gas or oil. 
As a milling enterprise, this ranks among the workFs largest mining projects (see Fig. 
2471 . 

Oil mining as practiced at Pechelbronn does not contemplate actual extraction 
of the oil sand and rernemil of it to the surface but, rather, the provision of large drain- 
age surfaces within the oil sand and many different closely spaced drainage centers or 
points of accumulation. ■ Prior to 1925, tunnels were driven from the shafts directly 
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through the oil sands, so that all of the roof, sides and bottom of each tunnel afforded 
drainage surface through which the oil exuded, accumulating in a trench cut in the 
floor of each tuiinel. These trenches led by gravity flow to a central storage sump. 
In more recent practice, which is regarded as less hazardous and yet equally efficient, 



(After G. S. Rice, U. 8. Bur, Mines.) 

Fig. 248. — Sketches illustrating method of conducting oil-mining operations in the Pechel- 

bronn field, Alsace. 

tunnels are driven through the marl cap rock immediately above the oil sand, and, at 
intervals of about 33 ft., pits 20 to 30 in, square are excavated in the floor of the tunnel 
to a depth sufficient to penetrate the underlying oil sand, usually 6 to 8 ft. (see Fig. 
248), These pits are timber lined and equipped with close-fitting wooden covers. 
There are several thousand of these drainage pits, each in reality a separate well, 
more effective, however, than a well drilled from the surface, as it presents a larger 
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drainage surface and can be more efficiently excavated and maintained than a surface 
well. Drainage pits will continue to produce small quantities of oil for several years 
after completion. Oil is drawn from them periodically by a manually controlled 
suction system, which lifts the accumulated oil into a pipe-gathering system extending 
through the tunnels above, leading to one of several cylindrical vacuum tanks. From 
these tanks, the oil is occasionallj^ displaced through communicating pipe lines to a 
central storage sump. From the storage sump, a large electrically driven centrifugal 
pump lifts the oil to the surface through a pipe line extending up through one of the 
old 'wells intersected bj’’ the mine workings. 

Ventilation is an important phase of the mining operations, it being vitally impor- 
tant, in minimizing fire and explosion hazards, that an adequate supply of air be 
delivered to all parts of the mine workings, especially to the active working faces. 
Large fans are employed for this purpose. Every precaution is taken to avoid con- 
centrations of gas sufficient to form inflammable or explosive mixtures with the mine 
atmosphere. This is achieved by excluding as much gas as possible from the mine 
workings and diluting such gas as does enter to keep the concentration of hydrocarbons 
low, generally less than 0.25 per cent. The principal hazard of this character is the 
possibility of a sudden flow of high-pressure gas at a wmrking place, and precau- 
tions are taken to avoid this by drilling 1J4 hi. exploratory bore holes 6 ft. in advance 
of all working faces. Additional bore holes, 2 in. in diameter, are drilled into the roof 
and floor of the drift at intervals of about 66 ft. The only lights permitted under- 
ground are low- voltage storage-battery electric hand lamps. No explosives are used 
in breaking ground, the oil sand and marl cap rock being sufficiently soft to permit 
them to be slabbed off wdth small pneumatic picks or hand hammer drills. Though 
oil mining is commonly regarded as a some-what hazardous occupation, there have been 
few accidents and no major disasters in the Pechelbronn mines. Their accident 
record will compare favorably with that of the average American coal mine. 

The cost of producing a barrel of crude petroleum, delivered at the surface at the 
Pechelbronn mines, has been variously estimated at S2 to $4. Costs are lower than 
they w’ould be in the United States, because efficient mine labor is available for the 
equivalent of only about $1.60 per 6-hr. day. The recovery of oil per meter of tunnel 
driven, over the entire life of the enterprise, has been about 3 metric tons, or about 
7 bbl. per linear foot. During the earlier years of the enterprise, 'when thicker and 
more highly saturated sands 'were being e.xploited, recoveries of as much as 25 bbl. per 
foot of tunnel excavated w^ere secured. During the 10 years preceding 1934, the 
average ariniial production was about 220,000 bbl. The greater part of the current 
production is secured from freshly cut sand surfaces, and the rate of production is more 
or less proportional to the progress of development. 

Drainage Conditions in the Pechelbronn Mines. — The oil sands exploited in the 
Pechelbronn mines are individually 6 to 10 ft. thick, more or less lenticular in form, 
interbedded with marl and occasional beds of clay and shale and broken into blocks 
by numerous small faults. Cross-bedding is occasionally in evidence. Individual 
lenses of sand are as much as 75 ft. wide and nearly 1,000 ft. long. The sands vary 
in texture but are, for the most part, medium to coarse in size and, though compact 
and tough in place, are not thoroughly cemented, so that loose pieces can be broken 
in the fingers. The porosity is high, ranging, in many areas, above 20 per cent. The 
oil is paraffinic in type and has a specific gravity of about 0.88. At temperatures 
existing within the oil sand and mine 'workings, its viscosity is comparatively low. 
The physical conditions may thus be said to be not unfavorable for efficient drainage. 
From the standpoint of available oil, however, the conditions at Pechelbronn are 
rather unfavorable, for the oil sands are comparatively thin and poorly saturated. 
They are also flat dipping (5 or 6 deg.) and much disturbed by faulting and inter- 
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callated marl stringers, so that drainage probably does not extend over any very great 
distance from the mine openings. Most of the gas was drained from the formation 
by earlier exploitation through wells. The expulsive forces available are therefore 
now confined to gravitational seepage, aided by the expansive force of such low-pres- 
sure gas as still remains trapped within the reservoir sands. 

The oil content of the sand after drainage through wells and prior to mining i^ 
quite variable but is said to average about 200 liters per cubic meter of sand, or 120 kg. 
per metric ton (240 lb. per short ton).^^ Saturated sands that have not been appre- 
ciably influenced by well drainage usually contain 12 or 13 per cent of oil by weight, 
although the percentage may drop to as little as 5 per cent in poor ground. After 
drainage through mine openings, the sands still contain 3 to 8 per cent of oil, averaging 
about 4.8 per cent. On the assumption that the sand originally contained 12 per 
cent of oil, Be Chambrier estimates that only 16.7 per cent of the total oil content 
was secured by wells and that, subsequent to this, mining operations secured an addi- 
tional 43.3 per cent, leaving 40 per cent of the original oil in the sands. 

Drainage of Petroleum from Sands through Secondary Openings 
Communicating with Mine Workings Situated Outside of the Oil-bearing 
Sands. — Among the disadvantages of the process of oil drainage prac- 
ticed at the Pechelbronn mines, in which mine workings are driven 
directly into and through the oil sands, is the fact that the method cannot 
be applied to oil sands that yield considerable quantities of gas under 
pressure. Even though drained of high-pressure gas, it is thought that 
an oil of high gasoline content would be productive of vapors that would 
make direct mining methods difficult and dangerous. Even when the 
ventilation problem can be satisfactorily solved, it must be admitted 
that the conduct of mining operations under the conditions presented in 
a body of sand saturated mth inflammable liquid and explosive vapors 
presents a hazard not pleasant to contemplate. With the purpose of to 
some extent avoiding this limitation and hazard, processes of draining 
petroleum through underground workings have been developed, in which 
the mine galleries are driven in relatively impermeable rocks immediately 
above or below the oil-bearing strata. Such rocks are comparatively 
free of oil and gas, and mining operations may be conducted in them with 
but little more risk that that which attends such enterprises in the metal- 
mining industries. After access to the vicinity of the oil-bearing por- 
tion of the formation has thus been provided, numerous holes of relatively 
small diameter may be bored from the mine drifts into the oil sands, or 
narrow slots may be cut, through which the oil is permitted to drain 
from the sand into an oil-gathering pipe-line system in the mine drifts. 
Presumably, with such a system, conditions could be maintained under 
which little or no vapor would be liberated into the mine atmosphere 
and the principal hazards of the more direct systems of mining are mini- 
mized. Such methods also possess other advantages in that they facilitate 
use of supplemental aids to oil recovery, such as the use of artificial gas 
or water pressure, vacuum or heat. 
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The Ranney Oil-miaing System. — Probably the best known of the methods 
employing secondaiy controlled openings, draining to mine drifts situated outside of 
the oil-bearing strata, is the Ranney system. In this method, the mine drifts are 
driven, either in the formation directly above or directly below the oil sands, from 
one or more shafts communicating with the surface, iit short intervals along the 
elrifts, holes are drilled into the oil sand, and the gas and oil are withdrawn through 
pipes sealed into the bore holes. These ^‘inine wells,” ]36rhaps 2 to 4 in. in diameter, 
communicate directly with a system of pipe drains in the tunnels, leading to separating 
tanks or sumps from which the oil is pumj^ed and the gas permitted to flow to the 
surface. A control valve on each mine well permits of regulating the flow at the 
different openings to any desired degree. The pipes may be sealed in the bore holes 
before penetrating the oil sand, and methods have been devised for drilling the wells 
into the sand through control valves, so that even during the development stage, 
and even though the resenmir rock may contain gas under considerable pressure, little 
or no free gas or oil vapor may enter the mine workings. Provision is also made for 
reaming out a cavity within the oil sand at each mine well, thus further reducing the 
drainage resistance. 

Leo Ramiey, who has patented this system of oil mining, stresses the advantages 
that it apparentl}^ possesses in facilitating use of supplementary methods of stimulat- 
ing recovery. For example, by this method, it would be possible to apply air or gas 
pressure to tlie oil sands through a series of bore holes along one drift, driving the 
oil to another parallel drift through which the production is taken. Or, vacuum may 
be applied to the mine wells to increase the drainage effect, or water flooding from one 
group of mine wells toward another may be effectively used. Steam or hot air or 
gas may be applied to the sands through the pipe connections in alternate periods of 
heating and drainage. Elevated ground temijcrature in the vicinity of the drainage 
drifts would reduce the viscosity of the oil so that it would flow with less resistance to 
the mine openings. Osving to depression of the oil level in the sand about the mine 
wells, it is believed that, the sand body above or below each drainage tunnel would 
soon be drained of its oil, and that oil and gas would then flow towa,rd such low- 
pressure channels in much the same way as the 3 r would flow to the free face of an 
actual drainage tunnel (see Fig. 249). A small-scale demonstration of the Ranney 
system was made in an experimeiital mine near Jacksboro, Tex., but no commercial- 
seal<3 mining operations bv’’ this method have yet been attempted. 

Other oil-raining sj’stems resembling the Ramie}" sj^stein to the extent that they 
provide for drainage of oil through holes drilled from mine tunnels are those of P. Casa- 
major, patented in tlie United States as early as 1865, and Ehrat, patented in France 
in 1921. The Rich sj^stem of mining, patented in the United States in 1924, con- 
templates withdrawing oil from the sands into near-b}" mine drifts through long slots 
cut b}" channeling machines or abrasive steel cables. 

Drainage of Petroleum through Radiating Bore Holes Drilled from a 
Chamber in the Bottom of a Mine Shaft. — Still another method that has 
been proposed for securing additional oil from i^artially drained sands 
consists in sinking a shaft to intersect the productive strata and then 
drilling long, -more or less horizontal holes radially in all directions to 
drain the oil at remote points (see Fig. 250). Such a system of oil mining 
was i)atented by Gasamajor as early as 1865. The bore holes may be 
advantageously excavated with a diamond drill, 2 to 4 in. in diameter, 
to a distance of half a mile or more from the shaft, entirely within the 
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oil sand, and perforated casing may be placed in the holes to prevent 
caving. A valve on each casing at the wall of the shaft controls the 



(From a paper by the author in National Petroleum News.) 

Fig. 249. — Illustrating the formation of “unexcavated drainage tunnels” in connection 
with the Ranney system of oil mining. 

flow. Ranney has recently succeeded in drilling long drainage holes of 
this character, in shallow oil sands in southeastern Ohio, and has per- 
fected methods of deflecting the holes up or down to keep them in oil 



(From a paper by the author in National Petroleum Neivs.) 

Fig. 250.— Sketch illustrating the Wright system of draining oil sands by a series of 
radiating bore holes drilled from a mine shaft. 

sand as stratigraphic conditions vary. The holes may be ^^shot” with 
explosives to improve drainage conditions in hard sandstones. In com- 
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parisoii with production through vertical wells from the surface, this 
method of exploitation has the advantage that all parts of the productive 
area may be reached by the drill, so that the oil has to flow but a short 
distance to find an outlet. From the standpoint of cost, holes of the 
character described can be drilled for but a small fraction of the cost of 
a mine drift. Flow of oil into the drainage holes could be encouraged by 
connecting them with a vacuum pump at the wall of the shaft. Oil, 
draining from the bore holes into the shaft, may be stored in the shaft 
sump, from which it may be occasionally pumped to the surface. 

Character of Drainage Secured by Mine Openings. — ‘In considering 
the character of mine drainage as contrasted with drainage through wells 
drilled from the surface, it is apparent that a radically different result is 
secured. Drainage of oil into mine workings is, for the most part, along 
parallel lines, roughly at right angles to the walls of the drifts, whereas 
drainage into wells is necessarily along converging lines. Because of 
the lesser resistance offered to flow, it is probable that, under a given 
formation pressure, the mine drift develops a drainage influence over a 
distance of more than three times that of an ordinary 6-in. well.®® This 
means that pressures will come into equilibrium and drainage will cease 
in the case of the well outlet long before a corresponding condition is 
reached in the mine drift; and a greater ultimate production will there- 
fore be secured in the latter case. Or, if drainage equilibrium with 
respect to a series of wells has been reached, there will still be sufficient 
pressure latent within the oil to cause flow toward mine openings driven 
after the wells have reached economic exhaustion. From an economic 
standpoint, an oil field is thus given renewed life by driving mine openings 
into it. Residual oil left in the sand, after drainage into wells has ceased, 
is still under moderate pressure at points remote from the wells. Bubbles 
of gas under pressure are occluded within the oil in the sand pores and 
are ready to exert such pressure as they still possess in forcing their way 
toward new outlets created by the mine workings. In doing so, they 
carry films of oil with them and push oil, filling the capillary channels 
between sand grains, ahead of them. Gravitational segregation of oil 
and gas within the reservoir rock is undoubtedly a factor of considerable 
importance in oil mining as well as in other methods of drainage, but 
it seems probable that residual gas pressure in the reservoir furnishes 
the principal expulsive force in drainage into mine openings, especially 
in formations of low dip. 

Conditions Limiting Use of Mining Methods in Oil Recoveiy. — In 
determining whether or not mining methods may be used in exploitation 
of a particular deposit, it will be necessary to study the conditions pre- 
sented and consider them carefully mth respect to the practical limita- 
tions imposed in driving mine openings into oil-bearing rocks. Mining 
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methods are not well adapted to conditions under which high gas pres- 
sures may be suddenly encountered. In some oil fields, the edge waters 
are under high pressure and tend to encroach upon and flood the oil 
sands, and, under such conditions, mining would be difficult and costly. 
The mine might produce mostly water with but little oil. Water- 
saturated beds above the oil sands, which must be penetrated by the 
shafts, might be productive of great volumes of water, making progress 
in shaft-sinking difficult and costly. Some oil sands are so poorly 
cemented that they flow like quicksand under slight gas or hydro- 
static pressure, occasioning difficulty in support of excavations and in 
securing oil without handling large quantities of sand. Many believe 
that oil-mining operations must be limited to comparatively shallow 
depths, but depth is only an economic barrier aiid it is possible to carry 
on mining operations at depths as great as a mile or more. 

Though such conditions as are outlined in the foregoing paragraph 
may make mining operations uneconomic or even impossible in particu- 
lar instances, there are many partially exhausted oil fields in which the 
gas pressure is not too great, where water is not present to excess and 
in which sand conditions are generally favorable for successful mining 
operations. If these conditions are favorable, determining whether or 
not a mining project will be economically feasible depends on the cost 
of conducting mining operations, the yield of oil to be expected and the 
price that may be realized for the product. From an engineering stand- 
point, successful conduct of oil-mining operations should be possible in 
most oil fields. Modern mining methods and equipment assure that all 
of the problems of ventilation, drainage, lighting, hoisting, tramming, 
timbering and breaking ground may be satisfactorily solved under what- 
ever conditions may be presented if such operations are economically 
feasible. It is possible that, under favorable conditions, in thick sands 
containing a large amount of drainable oil, unit production costs might 
be so far reduced as to permit the mining method to compete economically 
with well production. However, most authorities agree that oil pro- 
duced by mining cannot compete in a market where prices are dominated 
by cheap flush production from newly discovered, high-pressure fields; 
but under favorable conditions, the mining method may be expected to 
compete on even terms with water flooding or gas-injection methods of 
oil recovery. Eventually, a substantial part of the world’s oil needs 
may be met by mining methods. 
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CHAPTER VII 


PRELIMINARY REFINING OF PETROLEUM: DEHYDRATION, 
SEPARATION OF GAS AND SUSPENDED SOLIDS 

Liquid petroleum, as produced at the well-head, is commonly asso- 
ciated with natural gas and is frequently contaminated with water and 
suspended solids — mostly sand and shale. The oil must be largely freed 
of these contaminants before it is ready for shipment to market. Wells 
differ greatly in the amount of gas, water and solid impurity produced 
with the oil. Some may produce practically clean oil, with only traces 
of foreign material; in other cases, the water produced with the oil may 
be an important percentage of the well fluid and the amount of suspended 
solids brought to the surface with the fluid may be large. Some wells 
produce very little gas, whereas others produce immense volumes. The 
extent to which removal of water and suspended solids is necessary will 
depend upon the requirements of refiners, pipe-line transportation com- 
panies and other purchasers and upon the customs of the locality. 
Nearly all pipe-line companies require that oil offered for transport shall 
contain not more than 2 or 3 per cent of water and suspended solids. 

Natural gas is generally removed from crude petroleum with the aid 
of a suitable gas trap or oil and gas separator, located near the -well-head. 
Gas must be promptly removed from the oil after reaching the surface, 
as the two fluids may not be satisfactorily handled in the same gathering 
and storage facilities. If much sand is present in the well fluid, this too 
will ordinarily be allowed to settle in a sump, tank or trough situated at 
or near the well, before the oil is taken into the gathering system. Much 
of the ^Tree^^ water may also separate in the traps, tanks or other storage 
facilities provided at the well-head, but emulsified water and finer solids, 
which tend to remain in suspension in the oil, need not be immediately 
removed, especially if present in moderate amounts, being frequently 
transported along with the oil to a centrally located dehydrating plant. 

SEPARATION OF SUSPENDED SOLIDS 

Fine sand and shale, which are often present in the oil produced from 
very porous, loosely cemented formations, may become a source of great 
annoyance and expense to the oil producer. The quantity of solid mate- 
rial brought to the surface in suspension in the oil may vary within wide 
limits, ranging from scarcely measurable amounts to as much as 60 per 
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cent of the gross volume. If no waiter is present, fine sand and shale 
may flow freely with the oil, but if water is also present, the sand tends 
to ^^pack^^ and may become exceedingly difficult to handle. The sand 
is often so fine that it passes freely through screen pipe and accumulates 
within the well, thus restricting further oil production. The operator 
therefore prefers to remove it from the well along with the oil, even though 
such removal results in greater wear on the pump mechanism and higher 
power consumption. If it is not so removed, production must occasion- 
ally be interrupted while the well is cleaned out. 

If the volume of suspended solids is small, it may be permitted to 
settle in one of a pair of receiving tanks provided at each well, primarily 
for preliminary storage and gaging of the oil. Where wells are closely 
spaced and of small productivity, a pair of 100-bbl. tanks may serve a 
group of near-by wells. Sand settles from the oil to the bottom of the 
tank into which the well fluid is discharged, and when it has accumulated 
sufl&ciently in one tank, flow is diverted to the second while the former is 



Fig. 251. — Arrangement of facilities at an open sump for continuously separating water 

from oil. 

drained and the accumulated sand excavated or sluiced out. Moderate 
amounts of sand may also be settled out in some types of gas traps* and 
dehydrating equipment. 

If the quantity of suspended solids is such that its removal from tanks 
becomes expensive, it may be necessary to lead the fluid, as it is dis- 
charged from the well, into an open sump in which the sand settles and 
from which the oil is drained or skimmed'^ by the suction of a pump 
(see Fig. 251). Such sumps are often equipped with special facilities for, 
or are so designed as to facilitate, removal of settled solids. Some oper- 
ators prefer to pass the oil into a low-edged wooden, metal or con- 
crete trough, having but little slope, through which the well fluid flows 
sluggishly, depositing its sand behind riffles or baffles placed in the bot- 
tom. Occasional shoveling or sluicing of accumulated solids from the 
trough will suffice to keep it in working condition. Excessive evaporation 
losses of oil may occur in open sumps and troughs, especially when the oil 

* SwixuELL, F., Hook-Up to Handle Sand Blast at Oklahoma City, Oil Weekly^ 
Dec. 5, 1930 
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is of high A.P.I. gravity; hence, such methods are employed only in 
fields producing heavy oil. 


SEPARATION OF GAS FROM OIL 


n 



Every oil well produces some natural gas, but the quantity varies 
within wide limits in different localities and at different periods in the 
life of the well. Distinction is made between “casing-head gas'^ and 
^Hubing-head gas.’' Casing-head gas rises from the oil surface in the 
well, through the annular space between the casing and tubing, and is 
released through lead lines connected with the side outlets of the casing 
head. Sometimes this gas has its source in a porous stratum penetrated 
by the well at some distance above the oil-yielding stratum, the well being 
so cased that the gas rises between two strings of casing, perhaps never 
coming into actual contact with the oil produced through the innermost 
tubing that carries the oil. In addition to gas produced free of oil at the 
casing head, there will always be some gas produced through the tubing 
along with the oil. This gas, entrained, occluded or dissolved in the 
oil may conveniently be termed “tubing-head gas” or “lead-line gas.” 
If present in cpiaiitity and under pressure, it tends to free itself from the 
oil when the pressure is reduced, perhaps forming a gas lock in the oil 
gathering system, which causes difficulty in pumping the oil; or it may 
be discharged in dangerous quantities into the oil-storage tanks. The 
producer finds it advisable to separate this gas from the oil as soon as 
possible after it leaves the well by passing the well fluids through a 
suitable gas trap. From the trap, gas is led into the gas-gathering system 
of pipe lines, leading to a compressor plant or natural-gasoline recovery 
plant, boiler plant or other place of utilization, whereas the oil is dis- 
charged into an oil-gathering pipe-line system leading to a dehydrating 
plant, storage or shipping tanks. 


Physical Conditions Pbesented in Operation of Gas Traps 

Gas traps used in separating natural gas from petroleum must be 
designed to operate automatically under a wide variety of conditions. 
Operating pressures within the trap may range from atmospheric or below 
to as much as 750 lb. The gas-oil ratio may range from a few hundred 
to several thousand cubic feet per barrel. The rate of production of both 
oil and gas may vary over a wide range within short periods of time. A 
sudden “head” of oil may be followed by a flow of gas and this by a period 
of quiescence, during which forces are temporarily in equilibrium and the 
well produces nothing. The fluid produced by gas lift and flowing wells 
may be in the form of an oil mist suspended in a stream of rapidly flowing 
gas or in the form of a froth. In a single day, such a well may deliver 
many hundredKS of barrels of oil and millions of cubic feet of gas. Pump- 
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ing wells, on the other hand, yield comparatively little fluid, and the 
gas-oil ratio of the tubing-head fluid passing through the trap is low. 
Pumping wells often produce most of their gas as casing-head gas, 
through the annular space between tubing and casing, such gas passing 
directly into the gas-gathering system, by-passing the trap. 

Types of Gas Traps 

An early type of gas trap consisted simply of one or more joints of casing supported 
vertically or resting against one panel of the derrick. Oil and gas are admitted 
through a smaller pipe that extends down through the capped upper end of the casing 
for about one-third of its length (see Fig. 252). Gas 
escapes through a second connection at the top, and 
oil through an outlet at the bottom. An approxi- 
mately constant oil level is maintained in the casing 
by discharging the oil through a ^'gooseneck extend- 
ing to about half the height of the casing. Some 
operators have used a shorter pipe trap of the same 
type, but without the gooseneck connection, the pipe 
being supported in a vertical position, open at bottom, 
in the receiving tank at the well in which the oil 
accumulates. The fluid level in the trap is the same 
as that in the tank. 

A later style of pipe trap is disposed horizontally 
along the ground surface (see Fig. 253). In this trap, 
a tube 120 to 160 ft. in length and 123 ^^ or ISK in. in 
diameter, closed at each end, serves as a receiving 
and separating chamber for the oil and gas, which is 
never more than about half full of oil, and through 
which the oil flows sluggishly. Gas rises from the oil 
surface in this tube and passes through short ^Tisers^’ 
into a smaller diameter casing of about the same 
length, disposed above or at one side of the large cas- 
ing and discharging from this into the gas-gathering 
mains. Oil, largely freed of its gas, flows from one 
end to the other of the large-diameter pipe, through 
a suitable back-pressure device, to the oil-gathering 
system, 

A variety of other more complex styles of traps {Afier w. R. Hamilton, U, 8. Bur, 
have been devised and have found practical use, such 

as the Scharpenberg low-pressure trap, constructed 252.— -Vertical-pipe type 

like a gasometer, and the McLaughlin and Oil Well ^ 

high-pressure traps, but these are seldom now met with in field practice. In recent 
years, the trend of preference has been toward a vertical cylindrical type of trap, 
equipped with an oil discharge valve actuated by a float and gas-discharge regulator 
designed to maintain an approximately constant oil level and discharge pressure. 
Nearly all oil and gas traps installed within recent years have been of this type. 

Float-regulated vertical cylindrical oil and gas separators are obtainable from 
several different manufacturers, each varying somewhat from the others in arrange- 
ment of the discharge valves, float, interior baflOies and other features, designs protected 
in some instances by patents. Among the better known traps of this type are the 
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Trumble, Lorraine, Smith and National. Figure 254 is illustrative of three different 
styles. In Fig. 254(a), the float is mounted in a separate compartment, outside of the 
separator tank. In Fig. 254(5), the float is mounted within the separator tank, 
operating the discharge valve by means of a system of levers connecting through a 
stuffing box in the side of the separator shell. In Fig. 254(c), both the oil and gas 
discharge valves are simultaneously actuated by the float mechanism. Figure 255 
presents a photograph of a group of Trumble traps, a pioneer separator of this type, 
widely used in the California fields. In some styles of traps, the discharge valves 
are of the diaphragm-controlled type and are operated by a smaller pilot valve. The 
pilot valve is controlled by an internally placed float and a system of levers and, 



regulator 
fa; 

Typical arrangement of outside 
float control of 
oil discharge valve 


Fig. 254.- 


regulator 
(b) 

Typical arrangement of inside 
float control of 
oil dischorge valve 

(After R. A. March, Am. Petroleum Inst.) 
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when opened, admits gas from the gas-discharge line to the valve diaphragms. Figure 
256 pictures the National separator, some models of which utilize balanced diaphragm- 
controlled valves. In another style of National separator, the discharge valve is 
actuated by a diaphragm control in the side of the separator shell instead of by a float 
(see Fig. 257). 


Mechanical Design Features of Float-controlled Separators 

Oil and gas separators of the float-controlled type are available in a variety of 
sizes ranging from 1 to 7 ft. in diameter and from 6 to 24 ft. in height, commonly 
2 to 5 ft. in diameter and three or four times as high. Daily capacities range up to 
4,000 bbl. of oil and 20,000,000 cu. ft. of gas. There should be a considerable reserve 
capacity above that normally required by the well or wells served. Usually the joints 
of the sheet-metal shell of the separator are riveted, occasionally welded. They are 
designed in accordance with the American Society of Mechanical Engineers code for 
pressure vessels, or the A.S.M.E. boiler code, for working pressures ranging, in some 




(Courtesy of Trumhle Trap Co.) 

Fig. 255. — Batterj;^ of Triimble gas traps in a California field. 

ing system. If both valves remain closed, excessive pressure may build up within 
the trap, perhaps leading to failure of the shell under stress and imposing undesirable 
back pressure on the well. A safety blow-otf valve should also be provided to release 
pressure when it reaches the maximum for which the trap is designed, and suitable 
provision must be made to care for fluid discharged from the trap by opening of the 
safety valve. Wearing parts of the discharge valves are preferably made of hardened 
tool steel to resist wear and should be easily replaceable. Sometimes two oil-dis- 
charge valves are provided, so connected that either may be used, leaving the other 
free for repairs or replacement of parts. In most traps, the gas-discharge valve is 
controlled by a pilot-operated back-pressure regulator, which is set to maintain a 
constant pressure within the trap; but, in one style, both the gas and oil valves are 
controlled by a float mechanism. Baffle plates are usually provided within the gas 
space of the separator, designed to spread the oil out in a downward-flowing film from 
which the gas may readily escape. In a patented type of baffle, the stream of gas is 
caused to flow through a series of small holes in a metal plate, impinging on another 
plate upon which the oil spray accumulates and flows downward into the lower part 
of the trap. . . 
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cases, as high as 1,500 lb. per square inch. A safety factor of 5 may be appropriately 
used. All openings in the shell of the separator must be suitably reinforced. Rein- 
forcing plates are also placed on baffles and at other points where the well fluid impinges 
against metal surfaces. Sand in the well fluid may rapidly scour away the metal at 
such points. A manhole is conveniently placed in the side of the shell of the separator 
to give access to the float for such repair work and adjustment as may be necessary. 
An outside float lends itself better to inspection and repair than an inside float. A 
back-pressure regulating valve is placed on the gas-discharge line and sometimes, also, 
on the oil-discharge line. Automatic operation of both the oil- and gas-discharge 
valves is desirable, and such operation should be promptly responsive to changes in 
conditions within the trap. If either fails to operate or the capacity of the trap is 
exceeded, oil may enter the gas-distributing system or gas may enter the oil-distribut- 
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Fig. 256.— Sectional view showing interior construction and manner of operation of 
float-controlled type of National separator. Oil and gas enter through inlet A, gas and 
oil spray spiraling upward through the annular space between the tank shell 0 and baffle 1, 
through louvers K and deflectors C, into the annular space D between baffles 1 and 
2; thence through ports E into the annular space between baffles 2 and 3. Condensed 
oil flows up the walls of baffle 3 and under the lip of cone L into the space within baffle 3. 
Oil drains from the latter space and that between baffles 2 and 3 through drains (r and E, 
which lead to the float chamber F. Gas escapes downward through central tube J and 
the connecting outlet tube in the side wall of the tank. Most of the oil settles immediately 
from inlet 4 into float chamber F. . 
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Physical Principles Involved in Design and Operation of 
Float-controlled Separators 

In the design and operation of oil and gas separators, of the float-controlled type, 
certain physical principles must be given consideration. The oil must be spread in a 
thin film and pressure reduced so that dissolved and occluded gas may be promptly 



Fig. 257. — Diaphragm-control mechanism used on one type of National oil and gas 

separator. 

released from the oil. Expansion of the entrained gas bubbles is necessary to permit 
them to escape, and, as time is necessary for the separation, the oil must be brought 
to comparative rest for a brief interval and the velocity of gas through the trap 
should be reduced as far as possible. Gas velocity may, to some extent, be controlled 
by varying the height and diameter of the shell of the separator and the throughput. 
To separate oil mist or spray suspended in a stream of flowing gas, the mixture should 
be allowed to impinge against a metallic surface on which the oil may accumulate and 
from which it may slowly drain. Impact of the fluids on the baffles and interior 
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surface of the cylindrical shell of the separator assists in releasing the occluded and 
dissolved gas. As the momentum of an oil particle is a product of its mass and the 
square of its velocity, separation of gas from the oil is promoted by maintaining a high 
entrance velocity. In some types of separators, the fluids are introduced tangentially 
to the interior surface of the cylindrical shell, in order to develop a swirling or centrif- 
ugal motion that is considered desirable in promoting accumulation of oil spray on 
the metal surface. High entrance velocities accentuate this swirling, centrifugal 
motion. Once separated, the oil and gas should be prevented, as far as possible, from 
again coming into intimate 'contact with each other. The difference in density 
between gas and oil will naturally cause the gas to rise into the upper portion of the 
trap, whereas the oil drains downward and accumulates in the bottom. This differ- 
ence in density is less marked in high-pressure traps. High pressure increases the 
density of the gas but, owing to solution of gas, diminishes that of the oil. Interior 
baffles are placed in the trap in such a position as to intercept the stream of incoming 
gas and oil, the objective being to expose a maximum of surface for accumulation of 
the oil and yet interpose as little material as possible that might interfere with the 
free upward movement of the gas and downward movement of the oil. Baffles are 
sometimes cylindrical in form, with interior compartments, sometimes conical. One 
type of trap is equipped with louvrelike baffles. Oil may be concentrated from very 
fine mists by passing the gas through a porous medium, such as steel wool, shavings 
or excelsior. Maintenance of high pressure within the trap results in discharge of 
an oil of higher A.P.I. gravity than w^hen the trap pressure is low. This is because 
more gas and light hydrocarbon vapor are retained in solution in the oil at the higher 
pressure. It follows that the gas discharged from a high-pressure trap is leaner in its 
gasoline content than if a low pressure is maintained. Precooling is also successful 
in preventing evaporation of light fractions from the oil. If water vapor is present, 
partial-pressure effects promote evaporation of light fractions. Water-oil mixtures 
should be agitated in the trap as little as possible and turbulent flow conditions avoided, 
to prevent emulsification. ^ ‘ Flash liberation of gas from the oil, which results when 
the gas is permitted to expand rapidly, vaporizes more of the oil than when the fluids 
suffer a smaller pressure loss on entering the trap. The discharge pressure main- 
tained on fluids discharged from the trap will depend upon the conditions presented. 
Operating conditions within the well served may dictate a minimum back pressure 
against the productive formation, thus requiring a low trap pressure. Vacuum may 
be applied to the trap if desired, as little as a 10-in. mercury vacuum being success- 
fully maintained. However, if conditions within the well permit, it will be prefer- 
able to maintain a relatively high discharge pressure, thus restricting evaporation of 
light fractions from the oil and assisting in transmission of oil and gas through the 
gathering systems. 

Arrangement oe Oil and Gas Separators 

An ordinary well, producing but a few hundred barrels of oil per day, 
with average gas-oil ratio under moderate pressure, requires but a single 
trap. Larger wells may require two or more traps arranged in parallel, 
each receiving its share of the production. In this case, a suitable mani- 
fold should be provided in the flow line, with valve controls to assure 
uniform distribution of fluid among the traps. If the well delivers its 
production under high pressure, the trap or traps and flow tanks may 
be some distance away from the well; but if the delivery pressure is low. 



482 


OIL FIELD EXPLOITATION 


the trap and flow tanks should be near in order to relieve the well of 
the necessity of forcing its production through long surface lines. Where 
conditions permit, it is desirable to group traps and flow tanks serving 
a group of wells in some central location, thus facilitating inspection, 
regulation and control while in service. Where wells are small producers, 
one or more centrally located separators may serve several wells. Low- 
pressure traps are conveniently mounted at an elevation of 20 or 30 ft. 
above the well-head, perhaps on a platform in the derrick or on a separate 
tower at one side of the derrick (see Fig. 90). If so placed, oil may flow 
by gravity to the near-by flow' tanks and the trap may be operated at or 



Fig. 258. — Oil and gas separators arranged for “stage trapping,” Kottlcman Hills field, 

California. 


about atmospheric pressure, or even under a vacuum of a few inches of 
mercury if desired. 


Stage Tbapping 

If the w^ells deliver their production under high pressure, it is usually 
desirable to resort to ^hstage trapping.^’ In this, the oil is passed through 
tw'o or three traps arranged in series, each operated at successively lower 
pressure. For example, if three stages are employed (see Fig. 258), the 
first trap may be designed and adjusted to operate at a pressure of, say, 
500 lb. per square inch. Such gas as is separated from the oil at this 
pressure flows into a high-pressure gas-gathering system. Oil from this 
high-pressure trap may then be passed through a second medium-pressure 
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trap designed and regulated to operate at, say, 50 lb. per square inch. 
More gas, mostly dissolved in the oil, is here released, owing to reduction 
in pressure, and flows from the medium-pressure trap into a second gas- 
gathering system. Oil from the second trap may then be passed through 
a third trap operated at or about atmospheric pressure or under vacuum. 
Here more gas is released from solution in the oil into a third gathering 
system, and the oil, thus finally freed of its associated gas and high vapor- 
pressure constituents, flows into storage tanks. A separate back-pressure 
regulator is used on the gas-discharge line from each trap, adjusted, in 
each case, to maintain the desired back pressure. A vapor-recovery 
system on the oil-storage tanks may be substituted for the low-pressure 
trap. ^ 

Gas from the high-pressure trap, generally low in gasoline content, 
may be used directly, without recompression, for operation of gas lifts 
or for repressuring, or it may be capable of flowing unaided to a dis- 
tant point of utilization, through communicating pipe lines. Gathering 
lines, receiving gas from the medium-pressure traps, may be passed 
through the second stage of a two-stage compressor, whereas the low- 
pressure gases and vapors are passed through both stages. Gasoline 
vapors are condensed and recovered in the compressor plant or in an . 
absorption plant through which the gas is passed after compression. 
Dry gas, from which gasoline has been recovered, is then available for 
gas-lift operation, reinjection into the reservoir rock or other purposes. 

Stage trapping is advantageous from several points of view. Neces- 
sity for recompression of much of the gas is obviated, with consequent 
saving of 1 to 3 cts. per M cu. ft., which must otherwise be spent in 
recompression. Recovery of natural gasoline is facilitated, for the gaso- 
line plant is able to handle a larger volume of gas at the higher pressure. 
High back pressures maintained on the wells are frequently beneficial, 
resulting in a more uniform rate of production, reducing the gas-oil 
ratio, increasing ultimate yield, restricting sand production and mini- 
mizing tendency to emulsify if water is present in the well fluid. The oil 
is delivered to storage with minimum loss of light fractions and A.P.I. 
gravity, which may be appreciable when oil is subjected to flash 
liberation of its dissolved gas through rapid reduction in pressure. Yet, 
all high vapor-pressure fractions are released from the oil, so that it'^’ 
may be stored without further serious evaporation loss. 


SEPARATION OF WATER FROM PETROLEUM: DEHYDRATION 

Dehydration eventually becomes a necessary part of the routine of 
handling production on nearly all oil-producing properties. Although 
water ^Hroubles ” develop early in the life of many fields, almost from the 
time of earliest development in some cases, the problem of dehydrating 
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in its broader aspects is characteristic of the later period of declining 
productivity^ when the fornaation gas pressure and oil supply are waning, 
when corrosion of casings has progressed or where defective water shut- 
offs have permitted “top waters^' to find access to the well. As explained 
in an earlier section (see page 388), top or bottom waters may be effec- 
tively excluded from the well by undertaking appropriate remedial 
measures, but “edge wmter,^^ which is produced from the same formations 
that yield the oil, can be only partially excluded. Where water occupies 
a portion of the pore space of the oil-yielding strata, there is no alterna- 
tive if the oil is to be produced but to remove some of the water with it. 
Weils near the edge of the productive area of a field frequently produce 
substantial amounts of water; and, in thick, flat-dipping structures, the 
strip of territory around the perimeter of the field within which water 
is produced is sometimes wide, so that many wells are “wet.” Pro- 
duction of wmter from edge 'wells customarily increases gradually from 
low’' percentages, until the w^ell produces mostly wmter with very little 
oil. As exploitation proceeds and edge wmter encroaches further up the 
fl.anks of the structure, other wells are influenced, until eventually water 
may be produced from w^ells at the structural crest. 

Condition of Water in Petroleum 

Water may be present in petroleum in the form of small water globules 
that tend to remain in more or less permanent suspension — ‘in which 
case it is said to be “emulsified” — or it may occur in comparatively large 
masses that settle rapidly from the lighter oil under the influence of 
gravity. The oil and w'ater may thus be very intimately mixed; or the 
fluid delivered from the flow' line of the well may yield short flow^s of 
water between masses of relatively^ pure oil; or the percentage of water 
may vary widely within short periods of time, some of it being emulsified 
and some of it relatively free settling. The earlier literature of this sub- 
ject has shown a tendency to classify w-ater in crude petroleum as either 
“free” or “emulsified,” as though there were a fundamental difference 
in physical state, but later studies have indicated that the difference is 
primarily one of degree in size and spacing of the wmter masses suspended 
in the oil, wdiich is responsible for variation in the rate of settling. As 
will be shown in the following section, how^ever, crude petroleum emul- 
sions also possess certain peculiar properties that are largely responsible 
for the stability of suspension of the wmter droplets. 

Physical Character of Crude-petroleum Emulsions 

Water and petroleum, are ordinarily immiscible and are soluble in 
each Other only to a very slight extent. When a pure paraffin oil is 
agitated with distilled water in a closed container, a certain admixture 
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occurs owing to the water mass being broken up and suspended in the 
form of spherical globules in the oil. However, this is purely a mechanical 
mixture, and if the fluids are allo'wed to stand at rest for a time, they 
will quickly separate, the particles of water again uniting to form a 
continuous layer in the bottom of the container underlying the oil. No 
permanent emulsification of the two fluids occurs. If certain types of 
oils are used, however, or if certain impurities are present, either in the 
oil or in the water and the two fluids are intimately mixed by agitation, 
a part of the water will separate from the oil as before, but a portion will 
remain afloat in the oil. The emulsified water and oil accumulate as 
a layer of intermediate density, between the water layer in the bottom 
of the container and the less dense layer of water-free oil that floats 
above. 

Emulsions often develop physical properties that differ markedly from 
those of either of the component liquids, particularly in color and viscosity. 
They differ also, of course, in that they are heterogeneous mixtures rather 
than fluids of uniform properties and constitution. Close inspection 
shows that they consist essentially of globules of one liquid suspended 
in a continuous mass of another liquid; and, curiously, we may have 
either the oil or the water as the continuous phase. That is, there is 
one type of emulsion that consists of small globules of water floating in a 
continuous body of oil and another type consisting of small globules of 
oil floating in a continuous body of water. Naturally occurring crude 
petroleum emulsions are nearly always of the water-in-oil type, though 
occasionally small quantities of the inverted type are noted. 

Microscopic studies of oil-field emulsions have shown that the water 
globules are of varying size, ranging from particles as small as 0.00001 
mm. up to globules several millimeters in diameter. Figure 259, repro- 
duced from a microphotograph of a typical oil-field emulsion, illustrates 
characteristic variation in size and distribution of the water globules. It 
is probable, however, that the larger globules are mechanically suspended 
as a result of close packing of surrounding smaller globules and because 
of the generally high viscosity of such mixtures. 

The minute globules of water, as observed under the microscope, seem 
to move about freely in the oil mass in which they are suspended but 
show a very definite reluctance to coalesce when brought together, being 
seemingly possessed of an elastic enclosing film of oily material, which 
may be ruptured only with difficulty. If forced together and mechani- 
cally distorted, the water globules show a tendency to break up into still 
smaller particles rather than to coalesce. 

Petroleum emulsions display considerable variation in stability. 
Usually some of the suspended water shows a tendency to settle slowly 


and separate from the oU, but frequently the water seems to be practically 
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in permanent suspension. Apparently the size of the water globules and 
their dispersioiij or the distance that separates them^ have much to do in 
determining the stability of the mixture. Emulsions containing large 
and comparatively few water globules show a greater tendency to separate 
than do others in which the water droplets are more numerous and 
smaller in size. Apparently, too, for a given oil and water, there is a 
certain relationship that exists between the ratio of water to oil in the 
more stable emulsions, greater or less amount of water tending to form 
less permanent emulsions. 



iCouHcsy of Fefr oleum Rectifying Co. of Calif.) 

Fig. 259. — Micropiiotograph of oil -field emulsion, showing variation in size and distribution 
of water globules. This sample contained 54 per cent of water. 

Colloidal Properties op Emulsions 

The apparent anomaly of two practically immiscible liquids, one having a density 
materially greater than the other, attaining a condition of intimate and permanent 
emulsification, has called forth many theories. More recent explanations have been 
based upon the principles of colloidal chemistry, with which the whole subject of 
emulsification is now considered to be intimately related. Dispersed particles of 
foreign material, called “colloids,” held in permanent suspension in liquids, apparently 
follow peculiar physical laws that result in behavior quite unlike that of other sub- 
stances which lack colloidal properties. Clay is a well-known colloidal substance, 
some cia5"s remaining for long periods of time in suspension in water after agitation to 
secure sufficient dispersion of the clay particles. Minute water globules in an oil- 
water emulsion are thought to be influenced by the same physical laws as those con- 
trolling the suspension of clay in water. 
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A group of early investigators ascribed the peculiar properties of emulsions to 
phenomena of surface tension. We may explain the occlusion of a globule of one 
liquid within that of another on the basis of an interfacial tension relationship which 
causes one of the two liquids to assume a convex form, developing globules of spherical 
or spheroidal form. Thus, the spherical form of globules of water in oil is a result of the 
superior surface tension of water, which compels it to present the smallest possible 
surface to the oil. The interfacial tension between oil and pure water is such that the 
oil ordinarily tends to spread itself as a thin film over the surface of the water, but if 
the interfacial tension is sufficiently reduced by addition of certain soluble salts to the 
water — such salts as sodium carbonate, alum or sodium oleate — emulsions are much 
more readily formed. On the other hand, soluble chlorides or other substances in the 
water phase, which tend to increase the interfacial tension, make emulsification more 
difficult. High viscosity of the oil is also a contributing factor in emulsification, the 
more viscous oils emulsifying more readily and permanently than those less viscous. 
However, investigation has shown that, though favorable to permanence of emulsifica- 
tion, high viscosity is in reality but a minor factor in emulsion formation. Although the 
laws of surface tension thus assist in explaining some of the phenomena of emulsifica- 
tion, they are not, in themselves, sufficient to account for the persistence of some 
emulsions. If interfacial tension were the only force operative, there would be no 
reason why particles of the dispersed or internal phase of the emulsion would not 
coalesce on contact with each other. Apparently there is some additional force 
operative that prevents coalescence and largely determines the stability of the 
emulsion. 

Emulsifying Agents and Their Influence. — Modern theories, now generally 
accepted, explain the unwillingness of the dispersed material to coalesce as owing to a 
coating of some third substance termed the ‘‘emulsifying agent,’’ minute particles of 
which accumulate and are retained at the interface between the two liquids by opera- 
tion of a physical process known as “adsorption.” The emulsifying agent may be 
either a finely divided colloidal substance insoluble in oil or water, or it may be a 
substance soluble in either the oil or the water, forming a “colloidal solution.” There 
is some evidence that the emulsifying agent must be a substance mutually attracted 
to both the oil and the water. We may thus picture the molecules of the emulsifying 
agent as having one end “rooted” in the oil and the other in the water phase, possibly 
held in this position by ionic electric charges. 

Experiments have shown that finely divided solid substances, such as clay or 
freshly precipitated metallic salts, promote emulsification. A significant fact is found 
in the results of tests showing that the liquid which preferentially wets the emulsifying 
agent will invariably be the continuous phase of the emulsion. For example, clean, 
dry, finely divided clay and silica are wet more readily by water than by oil and form 
oil-in-water emulsions, whereas carbon black and oil-saturated clay, which are more 
readily wet by oil than by water, form water-in-oil emulsions. In the same way, when 
soluble emulsifying agents are used, the liquid in which the emulsifying agent is 
soluble will become the external phase. Sodium soaps, for example, are very soluble 
in water but less so in oil and form oil-in-water emulsions. Calcium soaps or asphaltic 
substances, on the other hand, are soluble in oil but not in water and form water-in-oil 
emulsions. 

Intimate studies of crude-petroleum emulsions corroborate the theory above 
outlined, the evidence indicating that substances of the nature of asphalt in the oil 
are generally active as emulsifying agents. Being identified with the oil, it becomes 
the external or continuous phase, thus explaining why such emulsions are nearly 
always of the water-in-pil type. Stable emulsions may be made with benzine and 
distilled water by addition of a small amount of asphalt, which is concentrated at the 
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interface between the oil and water globules.* The separating film thus formed is 
elastic and practically insoluble in the oil. Studies of the colloidal material in some 
crude petroleum emulsions have indicated 1 to 2 per cent or more of finely divided 
inorganic material appearing after ignition as silica, oxides or iron, calcium and 
magnesium. Though inorganic material may function as an emulsifying agent, 
tests have indicated that the emulsifying tendencies of most crude petroleums are 
due to the presence of colloidal asphaltic material. This material, a finely divided 
solid, can be removed by filtration, and the filtered oil shows but little tendency to 
emulsify. 

Water in Petroleum Emulsions Often Highly Saline 

Analyses of the waters in various oil-field emulsions have indicated that they are 
generally highly saline, occasionally becoming saturated. The high concentration of 
dissolved salt may be a result of evaporation of some of the water, by natural gas in the 
well or in the reservoir rock, before emulsification of the residue occurs. In crude 
petroleum emulsions produced in the California fields, the chloride concentration is 
often as high as half-normal. When examined under the microscope, salt crystals 
may often be observed in the w'ater globules. Doubtless, the dissolved salts within 
the water phase have an important influence upon the interfacial tension developed 
between the two liquids and between them and the emulsifying agent concentrated at 
the interface. 

Influence of Water Content on Stability of Emulsions. — Some investigators have 
claimed that stable emulsions contain an approximately constant percentage of water: 
about tw'o parts of water combining with one of oii.^^ Others have found, however, 
that stable emulsions may be prepared from California asphalt-base crudes with 
percentages of water varying from only a trace to as much as 75 per cent, t Emulsions 
containing very high i)ercentages of water have a tendency to settle out water on 
standing. Research conducted by U. S. Bureau of hiines investigators,^^ to deter- 
mine the influence of oil a.nd water concentration on emulsification, indicates that it 
may occur over a wide range of mixtures, but that, fof a given oil, maximum emulsi- 
bility is attained at some definite ratio of water to oil. For example, it was found that 
maximum emulsibility was attained with one oil when the percentage of wrnter in the 
mixture was about 60 per cent. Studies of a group of stable California oil-field emul- 
sions have shown water contents ranging from 1 to 49 per cent.J A part of the water 
is usualh' comparativel}^ free, so that it may be separated from the emulsion by simple 
centrifuging after dilution with gasoline and carbon bisulphide. 

Influence of Oil Properties on Stability of Emulsion 

Studies of crude petroleum emulsions from many fields^^ p^ve shown a definite 
relationship between certain physical properties of the oils and their tendency to 
emulsify. Generally speaking, the naphthene-base crudes, which contain asphaltic 
substances, emulsify readily, whereas the pure paraffin oils show little tendency to do 

* Dodd, H. V., Resolution of Petroleum Emulsions, Chem. Met. Eng., vol. 28, 
pp. 249-253, Feb. 7, 1923. 

t Johnson, H. A., ^‘An Investigation of Petroleum Emulsions,” a thesis for the 
Master of Science degree, conducted under the supervision of the author, University 
of Calif oniia, 1923. (Unpublished manuscript.) 

t Mohris, M. W., *'An Investigation of Oil-field Emulsions,” a thesis for the 
degree of Bachelor of Science, conducted, under the supervision of the 9 -Rthor, Univer- 
sity of California, 1926. (Unpublished manuscript.) 
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80 . Tendency of the naphthene base oils to emulsify apparently increases with their 
vivscositj^ and carbon residue. Oils of high Baume gravity, yielding high percentages 
of light distillates, emulsify less readily than the heavier, lower grade oils, but this 
is possibly due to their lower viscosity. It seems, also, that the surface tension of the 
oil would be a significant factor, the oils of higher surface tension probably emulsifying 
more readily than those of comparatively low surface tension. 

Role of Gas and Air in Forming Emulsions 

Some investigators have found that emulsions are more readily formed when 
natural gas or air is intimately mixed with the oil and water. In one series of experi- 
ments, in which crude petroleum and water were forced through the pores of a column 
of tightly compacted sand, it was found to be difficult to form more than 1 or 2 per 
cent of emulsion in the absence of air or gas, whereas simultaneous injection of air or 
natural gas into the sand with the oil and water resulted in formation of from 10 to 
50 per cent of emulsion. It seems probable that the higher percentage of emulsion, 
formed in the presence of a gas, is due to a higher flow velocity and more turbulent 
flow conditions, affording a better opportunity for intimate mixture of the fluids. 

Water Globules in Emulsion Electrically Charged 

Many investigators have noted that the water droplets in crude petroleum emul- 
sions are electrically charged. This suggests that we may explain the reluctance of 
the water droplets to coalesce as due to repulsion of bodies of like charge, a theory 
that is supported by the fact that when, under the influence of an electric current, 
the droplets are neutralized they readily coalesce. In some cases, the magnitude of 
the electric charge has been measured and found to be about 0.05 volt. Presence of 
alkalies in the water phase tends to increase the charge, whereas acids diminish it; and 
the stability of the emulsion appears to increase as the charge increases. On sub- 
jecting various California crude petroleum emulsions to low-potential direct current 
passing between two electrqdes, the water droplets have been observed to move 
toward and accumulate about the negative electrode, where they gradually coalesce. 

If high-potential alternating current is used, a somewhat different effect may be 
observed, the water droplets tending to align themselves in chains, forming a band 
Bonnecting the electrodes. After alignment in this way, passage of high-potential 
Burrent through the water channel thus established appears to break the enclosing 
films on the water globules so that they coalesce. This effect, however, may merely 
be due to neutralization of the electric charge that the water droplets carry. 

Dehydration of Crude Petroleum Emulsions 

Most purchasers of crude petroleum require that the percentage of 
water and suspended solids present in the oil be reduced to less than 3 per 
cent — sometimes 2 per cent. If the oil contains more than this amount 
of water, it must be subjected to some process of treatment designed 
to reduce the water content below the limit prescribed. Methods 
employed in dehydrating crude petroleum emulsions may be classified 
into six groups, as follows: (1) gravity settling, (2) heat-treatment 
methods, (3) electrical methods, (4) chemical-treatment methods, (5) 

* Abozeid, M., a Study of California Oil-field Emulsions,^’ a thesis for the Master 
t)f Science Degree, conducted under the supervision of the author, University of 
California, 1926. (Unpublished manuscript.) 
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centrifugal methods and (6) filtration methods. Of these six different 
methods of treatment, the first four have found extensive application in 
the American petroleum industry; the fifth has received a thorough test 
in many field installations, but is less used than the first four methods; 
and the sixth method has thus far been employed to but a limited extent, 
chiefly in experimental tests, rather than under routine operating-plant 
conditions. Each of these different methods constitutes, under favorable 
conditions, a means of securing reasonably complete separation of water 
from emulsified oil; but, in many field dehydrating plants, two or more 
different processes of the group are employed simultaneously or con- 
secutively, producing a result that, under the conditions prevailing, is 
cheaper or superior to that of either acting alone. 

Gravity Settling. — If crude petroleum contains water in suspension, 
some, or perhaps all, will often settle out on prolonged standing, by rea- 
son of the greater density of water. This separation will usually be 
slow and incomplete and, in the case of thoroughly emulsified water, 
will perhaps merely take the form of downward concentration of the 
suspended water droplets, without actual coalescence, still permitting 
some water-free oil to be skimmed off the top of the fluid. The lower 
portion of the fluid will, of course, contain a higher percentage of water 
than before gravitational settling occurred. 

The rate of gravity settling is influenced to an important degree by 
the viscosity of the mixture and the density of the oil. The concentrated 
emulsified water, formed in the bottom of the container by this process, 
is generally more refractory and resistant to processes capable of effecting 
complete separation than the original, unsettled emulsion. This is 
probably because the w^ater droplets are closer together and the separating 
oil films are thinner. 

Gravity settling is often combined with other processes of treatment 
to accomplish final and complete separation of the two fluids, after the 
emulsion has been “broken” by appropriate means. For example, 
certain chemical methods of treatment are effective in bringing about 
demulsification, but treatment by this method is followed by a period 
of gravity settling, during which the water is liberated and is permitted 
to settle out, leaving the supernatant oil practically free of water. 

Gravity settling is necessarily conducted in a large container, such as 
a tank, sump or reservoir, in which the fluids may come to rest for a 
suitable period of time. Tanks are often used for this purpose, though 
some operators prefer concrete-lined sumps or reservoirs. “Breaking” 
of the emulsion is often accompanied by separation of suspended solids, 
such as finely divided clay, sand and solid hydrocarbons, that settle to 
the bottom of the container and there accumulate, unless the form of the 
container is such that they may be drained off with the water. Properly 


PRELIMINARY REFINING OF PETROLEUM 


491 


designed concrete sumps or conical-bottomed tanks may be more easily 
cleaned of accumulated solids than the ordinary type of flat-bottomed 
tank. Earthen-lined sumps are sometimes used for storing petroleum 
emulsions during the settling period in heavy-oil districts^ or in cases 
where there is insufficient time for the provision of more permanent 
containers, but are not recommended if other types can be made avail- 
able, because of seepage and evaporation losses and because of the tend- 
ency of oil stored in them to accumulate foreign impurities. Residue 
emulsions that have been stored for prolonged periods in earthen-lined 
reservoirs are among the most difficult to dehydrate. 

Heat-treatment Methods of Dehydrating. — Application of heat to 
petroleum emulsions is often an effective means of accomplishing their 
dehydration and is, in many instances, used to assist other processes. 



Fig. 260 . — Equipment for heat treatment of water-oil mixtures. 

Heat aids in bringing about separation of water from petroleum emulsions 
in three ways: (1) by reducing the viscosity of the oil, so that gravity may 
more readily operate in settling out the heavier water; (2) by effecting 
change in the interfacial tension relationships and colloidal properties 
of the emulsifying agent and (3) if the temperature is carried high 
enough, by actually bringing about a change from the liquid to the 
gaseous state, the steam formed bursting the enclosing oil films about the 
water droplets. 

Application of heat is accomplished in one of several ways: by passing the emul- 
sion through a layer of hot water; by direct injection of steam or hot compressed air; 
by direct heating of the emulsion in a pipe still, tubular boiler, or other type of fur- 
nace; or by indirect heating in a steam-heated heat exchanger. Hot-water treatment 
is the most commonly used heat-treatment method. A simple type of apparatus, 
widely, used in heating emulsions, is illustrated in Fig. 260. Oil and water enter 
*'gun-barreF^ tank a through standpipe c, flow downward to 6 and are discharged 
through water layer c, which is heated by a steam coil. Oil collects above the water 
at / and overflows through line g. discharging at / into settling tank i. Water-free oil 
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is skimmed from tank i at m, and water e and /c, acciimiilating in the bottoms of the 
two tanks, is continually or periodically drained off at h and n. In one installation 
of this character, the treatment tank is cylindrical in form, 8 ft. in diameter and 20 ft. 
high. Oil is admitted, to the tank through h^-in. holes bored in a series of distributing 
pipes, so arranged as to give uniform distribution of oil across the tankas cross section. 
The steam coil is made up of about 500 ft. of 2-m. pipe and is submerged in 10 ft. of 
water maintained at a temperature of 150 to 200°F. 

The, water globules detach themselves from the oil in rising through the liot-water 
stratum, aided by greater relative expansion of the oil under the influence of heat, and 
remain behind as an addition to the water layer in the tank. It is important, in such 
a device, that the steam coil does not come into direct contact with the oil; otherwise, 
it will become coated with a deposit of solid hydrocarbon, thus reducing its efiiciency 
as a heating device. The water layer in the tank tends to accumulate salt from the 
brine that accompanies the oil. Some operators report improved results through 
keeping the water in the tank fairly fresh, occasionally adding water from an outside 
source to displace the accumulated brine. The capacity of such a dehydrating unit, 
will be variable, depending upon the characteristics of the oil under treatment and 
the condition of the water in it, but will be at least 500 bbl. per day, even under 
unfavorable conditions. The method is continuous, and once the valve controls 
have been properly adjusted, the equipment requires but little attention. Exhaust 
steam from some near-by power plant may often be used for heating purposes. 

Heat-treatment methods are not usually effective in completely demulsifying 
petroleum emulsions, except in the case of unstable or only partially emulsified mix- 
tures, unless temperatures approaching or exceeding the boiling point of water are 
used. Evaporation losses of oil from heated emulsions constitute an important dis- 
advantage of this method, particularly where high temperatures are necessary. 
Studies of evaporation losses in heat-treatment of emulsions produced in the Eldorado 
field of Kansas show losses ranging from 1.75 per cent at 84°F. to as much as 6.7 per 
cent at 150'^F. The oil produced has a gravity of 37.5°A.P.I. and yields approxi- 
mately 30 per cent of gasoline, but when heated to 150°F. it suffers a loss ranging up 
to 2®A.P.I., as a result of evaporation of light fractions. Though the gravity loss is 
small, yet when it is remembered that evaporation loss represents a direct reduction 
in the gasoline content of the oil, it is realized that it is economicallj?' important. 
Evaporation losses may be greatly reduced, or even entirely prevented, by conducting 
the heating process in a closed container, such as a tubular heat exchanger, or by pass- 
ing the vapors escaping from the tank or other receptacle in which the emulsion is 
heated through a suitable condenser. 

Electrical Dehydration of Petroleum Emulsions 

When brought within the field of influence of a high-potential alter- 
nating current, the dispersed water droplets of a petroleum emulsion 
coalesce to form larger water aggregates, which readily settle out under 
the influence of gravity. In this process, the emulsion is generally heated 
moderately to reduce viscosity and facilitate settling. Very complete 
separation of the water and oil is quickly effected at small cost by this 
method. 

Discovery of the electrical process of dehydration is credited to F. G. 
Cottrell who, in association with H, B. Speed and A. Wright, secured 
patents based on experimental work performed at the University of 


PRELIMINARY REFINING OF PETROLEUM 


493 


California. The Cottrell patents and other patents bearing on the art 
of electrical demulsification have since been acquired by the Petroleum 
Rectifying Co. of California (^^Petreco’Oj company being now appar- 
ently in exclusive possession of the method. A vast amount of research 
has developed the electrical process to a high degree of ejSiciency, and 
the method has been introduced on a commercial basis in many producing 
'fields. 

Theory indicates that the droplets of emulsified water, when passing 
between two electrodes upon which a high potential is imposed, become 
charged by induction. One side of each globule is negatively charged, 
the other positively, and attraction between opposite charges causes the 
water droplets to align themselves, forming a chain between the elec- 
trodes. When this occurs, a discharge of electricity passes through the 
chain from one electrode to the other. As a result, the water globules 
comprising the electrical path coalesce and form one large drop of water, 
which readily settles from the oil under the influence of gravity. The 
microphotographs reproduced in Fig. 261 clearly show the several stages 
of this process. 

Dehydration by the electrical method occurs in two steps. In the 
first step, the minute water globules coalesce, forming larger masses; 
and in the second, the larger masses settle from the oil under the influence 
of gravity. Earlier methods of applying the electrical process provided 
a separate tank for each stage, but, in more recent installations, both are 
accomplished in a single treatment tank. Both stages are facilitated by 
heating the emulsion, temperatures ranging from 120 to 180°F. being 
commonly employed. At such temperatures, the viscosity of the oil is 
materially reduced, the interfacial tension between the water and the 
oil is lowered and the density differential is increased. All these tend- 
encies promote demulsification. Excessive temperatures should be 
avoided because of the cost of heating and possible subsequent evaporation 
loss. Satisfactory dehydration is obtained with some emulsions at 
normal atmospheric temperatures. 

Efficacy of the electrical method of dehydration depends upon 
ability of the current to rupture the adsorbed films that surround the 
water droplets. Usually these films are readily ruptured but, in some 
instances, may be broken only with difficulty. High potentials must be 
used but may vary somewhat with the dielectric characteristics of the 
oil, spacing of the electrodes and nature of the adsorbed films. Voltage 
gradients ranging from 5,000 to 10,000 volts per linear inch between 
electrodes are commonly used but may range as high as 100,000 volts 
per inch in some types of Petreco treaters. 

Types of Electric Dehydrators. — Several different styles of electric dehydrators 
are available, each adapted to different types of emulsion or conditions of treatment. 
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“Petreco” engineers assist the operator in selecting the type of equipment best 
adapted by subjecting samples of the emulsion to be treated to a series of tests. These 
tests are designed to determine the density and viscosity of the oil, interfacial tension 
between the water and the oil and the size distribution and spacing of water globules. 
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plisli a necessary make and break in the flow of current. In more recent types, all 
moving parts have been eliminated, it having been found possible to accomplish 
interruption in flow of current by controlling the velocity of flow of fluids between the 
electrodes. Evaporation losses and fire hazards, incidental to the early types of 
revolving-disk treaters, have also been eliminated in the more modern, closed types. 
Space permits of but brief descriptions of only the more modern types of treaters. * 
Outward appearance of the H.F., C.F. and C.R. types is much the same, differences 
being primarily in interior design and arrangement of the electrodes. Figure 262 
reproduces a photograph of two Petreco treaters, showing, to advantage, their exterior 
appearance and arrangement of pumping and preheating Equipment. Figure 263 
shows a group of 10 treaters with control house, preheating equipment and tankage for 
storage of emulsion and dehydrated oil. 


{Courtesy of Petroleum Rectifying Co. of Calif.') 


Fig. 262. — A modern field installation of Petreco dehydrators. 

Figure 264 presents a vertical section through the horizontal-flow type of treater. 
The treater shell A is a vertical cylinder 10 ft. in diameter and 12 ft. high, having a 
capacity of 185 bbl. of fluid. Pump B forces the emulsion to be treated through pre- 
heater C, which is heated by steam entering through pipe D and leaving by pipe E. 
The heated emulsion enters the treater through pipe F, which connects with tube <j, 
disposed vertically at the axis of the treater, and is discharged between the two conical 
electrodes I and J. The lower electrode I is stationary and is electrically grounded. 
The upper electrode J carries a high potential and is suspended on a supporting frame 
that is slowly and continuously churned up and down through a stroke of several 
inches by means of pivoted beam K, cable L and a small motor-actuated crank not 
shown in the drawing. The electrodes are spaced from 4 to 8 in. apart, the distance 
between them continually varying as the upper electrode moves up and down. Nar- 


The reader is referred to the 1924 edition of this work, ''Petroleum Production 
Engineering,” for a description of the revolving-disk type of treater. 
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(Courtesy of Petroleum Rectifying Co, of Calif.) 

Fig. 203. — A group of electric dehydrators and oil-storage tanks, Ventura field, California 
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(From a paper hy the aidlior in National Petroleum Netos.) 

Fig. 264."~VerticaI section through the HF type of Petreco dehydrator. 
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row metal strips, with edges projecting downward, are attached to the lower surface 
of the suspended electrode J. The lower electrode, conical in form, is attached to the 
wall of the treater, dividing it into two compartments. Fluid may pass from the upper 
to the lower compartment through the annular space formed by tube il, which sur- 
rounds and is concentric with pipe <?, through which the emulsion enters. Emulsion 
discharged from the upper end of pipe G against the upper electrode flows downward 
and outward between the two electrodes, where it is continually subjected to the 
demulsifying influence of the electrical current. Water, thus released from the emul- 
sion, settles to the bottom of the treater, whereas the water-free oil rises to the top and 
out through pipe N to storage. The treater is at all times full of fluid, and drainage 
of water through pipe M is so adjusted that 
the oil-water interface is maintained below 
the level of the lower electrode, as indi- 
cated by water gage WG. Water must 
not be permitted to rise to the level of the 
electrodes, or it will short-circuit the 
current. Transformer 0 furnishes high- 
potential current to electrode J through 
wire P and flexible conductor R, The 
high-potential electrode is insulated from 
the tank shell by insulators which form 
a part of the suspension mechanism. 

When, for any reason, as in filling, the 
fluid level within the treater is below the 
level of the overflow pipe, fluid-level regu- 
lator T actuates safety switch C/, shutting 
off the current. Pilot light V is illumi- 
nated when the current is on. Incoming 
fluid may be sampled through valve X, and 
samples of the treated oil may be drawn 
through sampling tube W, A pressure- 
relief valve Y opens whenever the pressure 
within the treater exceeds 25 lb. per square 
inch, which can only occur in the event 
that valves on the discharge line are 
closed. Check valves on both inlet and 
outlet connections prevent reverse flow of fluids under all circumstances. 

In one variation of the horizontal-flow type of treater, the electrodes are made of 
substantial sheet-metal screen (H.S. type). The ordinary form of H.F. treater is 
well adapted to treatment of “loose emulsions of comparatively high viscosity, 
whereas the screen type is better suited to lower viscosity oils of low conductivity, 
such as are widely produced in Texas. The latter type of electrode is so designed that 
two transformers may be used, one on each electrode, thus affording an increased 
potential gradient. 

The capacity of the H.F. and H.S. treaters ranges from 1,000 to 4,500 bbl. of 
demulsified oil per day, depending upon the character of the emulsion. Difficulties 
are sometimes experienced in operation as a result of release of gas from the oil between 
the electrodes, thus tending to keep the upper electrode afloat or tilting it from its 
proper position. Frothing of the oil in the upper part of the treater may also actuate 
the fluid-level regulator device, thus shutting off the elhctric current. Such difficulties 
may be overcome by placing a spring-loaded relief valve in the oil-discharge line, thus 
maintaining moderate pressure on fluids within the treater. Working pressures as 



type of Petreco dehydrator. 
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high as 22 lb. per square inch are occasionally used for this reason, at which pressure 
but little gas escapes from solution in the oil. 

The concentrated-field (C.F.) type of Petreco dehydrator utilizes the same shell 
and exterior arrangements as are pictured in Fig. 264, except that the electrodes 
are stationary and the reciprocating mechanism and driving motor are therefore 
unnecessary. In this type of treater, flow of emulsion between the electrodes accom- 
plishes the necessary interruption in discharge of electricity across the current gap. 
One electrode in this type of treater is a steel rod, and the other is a tube or shield, 
3 to 7 in. in diameter, surrounding the rod and concentric with it, the tube being 
supported and electrically grounded through the treater shell. As many as eight sets 
of electrodes may be used, arranged in a horizontal plane within the treater, radiating 
outward from a distributing “spider” which, in turn, is supported on a vertical tube 
at the axis of the treater, through which the emulsion enters and is distributed to the 
several electrodes (see Fig. 265). The emulsion to be treated is jetted from nozzles on 
the distributing spider through the annular spaces between the rods and shields. 
The high-potential rods, which carry 16,500 volts, are necessarily well insulated from 
the surrounding shields and distributing pipes. 

In another variation of the C.F. type of treater, utilizing two transformers and 
affording higher potentials, the emulsion is jetted, under pump pressure, through a 
nozzle in the side of the treater shell, directly toward the end of a pointed steel rod 
(see Fig. 266) with which it is axially aligned. The emulsion stream flov^ along and 
around the rod between it and a conce^itric cylindrical shield of metallic screen about 
6 or 8 in. in diameter. The rod and shield are well insulated from each other and from 
the nozzle and shell of the treater. Usually, two sets of electrodes are placed side by 
side in the treater, with two nozzles jetting parallel streams of emulsion through them. 
A high voltage is imposed between the rods and shields by connecting each to a 
separate transformer and connecting the two transformers in series. 

The C.F. type of dehydrator has the advantage of large capacity, freedom from 
operating difficulties and low operating cost. It is especially adaptable to the treat- 
ment of “tight” emulsions of relatively low viscosity and high electrical conductivity, 
such as are produced in some California fields by gas lift and flowing wells producing 
high-gravity oils. 

The concentric-ring (C.R.) dehydrator uses the same style and size of treater shell 
as the H.F. treater and substantially the same exterior arrangements as are used in the 
C.F. treater. Like the C.F. treater, it has no interior moving parts and depends upon 
rapid flow of the emulsion in avoiding short-circuiting of the electrodes. In the C.R. 
treater, each electrode consists of a series of concentric rings made of pipe and disposed 
in a horizontal plane about 5 in. apart (see Fig. 267). Three or more sets of these 
rings are arranged one above the other in the treater, about 5 in. apart, the rings of 
each electrode being “staggered” with respect to those above and below. Alternate 
electrodes are connected with a source of high-potential current, and the others are 
electrically grounded through the treater shell. Where desirable, two transformers 
connected in series may be used, thus energizing both sets of electrodes and affording 
an unusually high-potential gradient. Entering emulsion is jetted upwmrd through 
the electrodes from a distributing spider. The C.R. dehydrator is well adapted to 
treatment of “tight,” low-viscosity emulsions of high electrical conductivity. Such 
emulsions display a relatively high interfacial tension between the water and oil and 
are not readily re-emulsified by moderate agitation of the fluid after dehydration has 
been effected. 

Operating Details of Electrical Dehydrators. — Alternating current for operation of 
Petreco dehydrators is supplied from one or two transformers, which step up the volt- 
age to 16,500 or 33,000 volts from a primary circuit of either 220 or 440 volts. The 
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current flowing is usually about 10 amp. per treater, actual power consumption 
ranging from 25 to 50 watt-br. per barrel of dehydrated oil, or about 45 kw.-hr. per 
treater per day for average throughput. Though some emulsions are satisfactorily 
dehydrated at normal atmospheric temperature, better results are usually secured by 
preheating. Temperatures as high as 1S0°F. are sometimes used, but the average is 
about 130°. Low-pressure exhaust steam from a near-by power plant, operated for 
other purposes, will usually serve as a heating agent, and where this is not available, 
a 50- or 704ip. boiler may be used. A boiler of this size, furnishing sufficient steam for 
heating the input to one treater, operating at 6 lb. per square inch pressure, may con- 
sume as little as 30,000 cu. ft. of gas daily. An efficient type of oil heater should be 



DTGF type of Petreco dehydrator. 



the CR type of Petreco dehydrator. 


used, providing thermostatic control for regulating flow of steam. All steam con- 
densed in the heater is returned to the boiler. A steam- or electrically driven transfer 
pump of reciprocating type forces emulsion through the preheater and treater. 
Evaporation losses due to heating are small in modern types of closed treaters with 
vapor-tight tankage for storage of dehydrated oil. Volumetric losses of the order of 
1 or 2 per cent may occur in handling and storage of warm oil subsequent to flow 
from the dehydrator, but there is little or no loss in the dehydrator itself. 

Capacities of Petreco dehydrators range from 500 to as much as 7,000 bbl. of 
dehydrated oil per day, the average daily throughput being about 1,500 bbl. The 
capacity will vary with the character of emulsion, percentage of water and treatment 
temperature. The time necessary for water to settle from the oil after resolution of 
the emulsion is often a determining factor. Usually the fluid is in the treater for 
about 2 hr. to permit of water settling, though the actual time of contact with the 
electrical field is but a small fraction of this. Petreco treaters are successful in 
dehydrating nearly all types of crude petroleum emulsions, reducing water content to 
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less than 2 per cent, the usual pipe-line requirement, and often to less than 1 per cent. 
Crude petroleum should be dehydrated as soon as possible after production, freshly 
produced emulsions being more easily demulsified than those in which the emulsified 
water has been concentrated by long standing. As a result of removal of the water, 
the A.P.I. gravity of the treated oil is always higher — often several degrees higher — 
than that of the emulsion. 

Greater economy and efficiency in dehydration are achieved by concentrating 
all such operations in a centrally located plant to which all of the wet oil produced 
from near-by wells will be transported. Perhaps as many treaters will be grouped 
together as may be necessarj’ to care for the production of an entire property, together 
with the necessary tankage for storage of vret and dehydrated oil. For royalty and 
accounting purposes, it is often convenient to dehydrate the production of each 
leasehold separately, but frequently a producer operating several leases will find it 
possible to concentrate all of his dehydrating operations for an entire field in one 
conveniently situated central plant. Such a plant should be situated near the storage 
and sliipping center. In some fields, small producers without adequate facilities for 
dehydration sell their wet oil to others who operate dehydrating plants in the locality. 

The Petroleum Rectifying Co. will install dehydrating equipment on the basis of 
cost plus 10 per cent. A single treater of the H.F., C.F. or C.R. type, with incidental 
equipment but exclusive of steam-generating equipment and tankage, costs about 
$2,500, additional units about $2,000 each, including installation cost. If electric 
po^ver is not available, a steam-turbine-driven generator may be installed for about 
$1,000. Operating costs range from 1 to 5 cts. per barrel of dehydrated oil, depending 
on the scale of operations and character of emulsion. If electricity can be purchased 
for 1.5 cts. per kilow\att-hour, the cost of current ranges from to ct. per barrel 
of clean oil produced. In small-capacity plants, the labor cost is usually less than 
2 cts. per barrel of recovered oil, in large plants, much less. Often when only one 
or two units are in use, the attendant may devote a part of his time to other operations. 
The royalty charge ranges from to 1 ct. per barrel of clean oil recovered, depending 
upon the magnitude of the licensee’s dehydrating operations. 

Chemical Methods of Dehydrating Petroleum Emulsions 

As explained in a previous section, the emulsifying tendencies and 
stability of some petroleum emulsions are due to the colloidal tendencies 
of an adsorbed emulsifying agent and its influence upon the interfacial 
tension relationships between the oil and water. Where water is the 
internal phase, as in nearly all crude-petroleum emulsions, the emulsifying 
agent is a substance — often asphaltic in character — that is oleophile 
in character (f.c., more readily wet by oil than by water). This emulsi- 
fying agent may be thought of as immersed in the oil but concentrated 
at the oil-water interface. If, now, some substance may be introduced 
into the emulsion that will also be attracted to the oil-water interface 
and that will counteract the influence of the emulsifying agent, demulsifi- 
cation will be promoted. Resolution of the emulsion, in this case, may 
be a result of change in the emulsifying agent itself, rendering it hydrophile 
(i.e., more readily wet by water), or it may be due to direct influence 
upon the surface tension of the water, thus altering the interfacial tension 
relationships. 
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Many substances have this power of counteracting the effect of the 
emulsifying agent. Finely divided silica, iron oxide, clay and siliceous 
and argillaceous materials of various sorts influence the interfacial tension 
relationships, when dispersed throughout the oil-water mixture, and 
slowly bring about demulsification. Certain water-soluble salts, such 
as sodium chloride, which operate to increase the oil-water interfacial 
tension, produce a similar result. It has been shown that the suspended 
water droplets in petroleum emulsion are electrically charged and that 
repulsion of like charges may be instrumental in promoting permanence 
of emulsification. If this theory is correct, chemical electrolytes having 
the property of neutralizing the electric charge carried by the ■ water 
droplets may be expected to aid in demulsification. For example, if 
the water droplets are negatively charged, addition of positively ionized 
reagents, such as sulphuric acid or ferric chloride, would probably assist 
in promoting demulsification. Again, where a highly dispersible colloidal 
substance, accumulated at the oil-water interface, is functioning as the 
emulsifying agent, it is possible that by adding a flocculating agent, such 
as sodium chloride, ferrous sulphate or sodium sulphate, a demulsifying 
effect will be produced. Some organic compounds, such as phenol and 
cresylic acid, are soluble in both oil and water. Dissolved in the oil 
phase, it is believed that diffusion of such substances across the oil-water 
interface, from the oil into the water, may result in change in the inter- 
facial tension, thus promoting demulsification. 

These various chemical and physical effects suggest that recourse 
might be had to either of a variety of chemical reagents in commercial- 
scale dehydration of petroleum emulsions, and a great deal of experi- 
mental research has been directed toward this end. Among other 
investigators, W. S. Barnickel studied the effects of various chemical 
reagents upon petroleum emulsions and secured a number of patents 
covering their use. Later these reagents were commercialized under the 
name of ^^Tret-O-Lite^^ and have found extensive use in dehydrating 
emulsions in many oil fields. More recent research, by technologists in 
the employ of the Tret-O-Lite Company, has disclosed additional reagents 
that are helpful in resolving emulsions, and additional patents have 
been acquired covering use of these as well as types of apparatus and 
various processes useful in applying chemical reagents in field dehydra- 
tion of petroleum emulsions. Other concerns have also entered the 
field with chemical reagents manufactured for this purpose. One group 
of oil-soluble . reagents marketed under the name of ^^Vez” should be 
particularly mentioned as competitors of the Tret-O-Lite compounds. 
Vez is manufactured according to some thirty different formulas, the 
particular one to be used depending upon the characteristics of the 
emulsion to be treated. 
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Tret-O-Lite Formulas. — Many different formulas have been and still are used in 
preparation of Tret-O-Lite, and it has been marketed in both liquid and solid forms, 
some varieties being oil soluble and some water soluble. Phenol, cresylic, oleic and 
stearic acids, sodium oleate, sodium resinate, sodium silicate, aromatic sulphonic 
acids, various sulphonated organic compounds such as sulphonated oleic acid and 
other soap-forming substances have been commercially used in different Tret-O-Lite 
compounds. These substances produce hydrophile colloidal dispersions in oil, tending 
to absorb at oil-water interfaces and counteracting or neutralizing the effects of the 
emulsifying agent. Selection of an appropriate reagent will require study of the 
characteristics of the emulsion. To assist producers in making a proper selection, 
the Tret-O-Lite Company offers the services of trained technologists who specialize in 
this work and who conduct laboratory tests upon samples of emulsion furnished by 
the producer and then prescribe the best of the available Tret-O-Lite compounds. 
These are designated by a system of key letters and numbers. 

Field Methods of Applying Chemical Dehydrating Methods. — Application of 
chemical dehydrating agents in field practice is conducted in several stages. The 
concentrated reagent is usually first dissolved or dispersed in dilute form in Avater, 
crude petroleum, gasoline, kerosene or other solvent. The reagent or a dilute solution 
or dispersion of it is then added to the emulsified oil, in appropriate amount, in such 
maimer as Avill assure thorough distribution throughout the oil mass. Often this is 
accomplished by agitation or by turbulent flow through a pump or system of pipes. 
The mixture is then heated, if necessary, and allowed to remain at rest in a tank, so 
that the minute water droplets may have time to coalesce and settle from the oil. 
Many hours maj" be necessary for this latter stage, but eventually the water and oil 
separate into two layers, the AAmter is drained aAvay from beneath the oil and the latter 
is run to storage. Passage of the mixture through a filter bed of excelsior or gravel 
may hasten resolution of the emulsion. 

A variety of different methods have been devised for adding chemical reagents 
.of this character to emulsified oil in the routine of production, applying heat and 
separating the Avater from the oil as it settles out. A method commonly used in 
treating freshly jiroduced emulsion, from floAving or pumping wells, iriAmlves introduc- 
ing the liquid reagent in small amounts into the oil as it floAvs through the lead lines 
from the Avells. A small tank container or ^ffubricator’’ connected A\ith the lead line 
through a tee, and equipped Avith a suitable Amlve and sight-feed control, continually 
discharges a regulated amount of reagent into the flowing oil. An alternative device 
for this purpose is a small-displacement plunger pump actuated by the same mecha- 
nism that pumps the well or by a small motor wnth a 30 to 1 or 50 to 1 reducing gear. 
The pump is designed and regulated to measure accurately a standard Amlume of 
reagent and force it at uniform rate into the oil lead-line at each Avell. Such pumps 
are low in cost, of simple construction, require little in the AA^ay of operating attention 
and are reliable and positive in action under all conditions. They may be regulated 
to feed from as little as a pint to seA^eral gallons of demulsifying agent daily and, for 
special cases, larger pumps may be used, handling as much as 500 to 600 gal. of dilute 
solution daily. Turbulent-flow conditions in moving oil through 1,500 ft. or more of 
gathering line assure a sufficient degree of admixture of the reagent AAith the emulsion, 
which is then simply discharged into a settling tank AAdiere separation of the water and 
oil occurs. Water is drained from the bottom of the settling tank and oil from the 
top (see Fig. 268 ). If heating is necessary, the settling tank is equipped Avith steam 
coils and the incoming emulsion enters through a distributing ‘‘spider” near the 
bottom and rises through a layer of hot water. To avoid agitation of fluid in a settling 
tank, the incoming fluid is sometimes carried to a point near bottom by a large- 
diameter vertical pipe called a “boot.” Emulsified oil is thus discharged into the 



FlS. 268. — Sketch illustrating method and apparatus used in dehydrating petroleum from a pumping well with the aid of chemical reagents. 




504 


OIL FIELD EXPLOITATION 



water layer and then rises to the lower portion of 
the oil layer without contaminating the relatively 
clean oil on top. 

As will be shown in a later section^ much of 
the emulsion produced at the well-head is formed 
during the process of pumping or flowing it to 
the surface. Rather than pay the cost of dehy- 
dration, some producers prefer to prevent forma- 
tion of emulsion by adding a dehydrating reagent 
to the fluid in the bottom of the well, before it 
enters the tubing. ‘^Down-the-hole’’ treatment 
is effected by feeding a dilute solution of the 
reagent continuously and in regulated amount, 
at the casing head, into the annular space be- 
tween the casing and tubing. The reagent flows 
to the bottom of the well through the annular 
space and, mixing with the well fluids, restricts 
any tendency they might otherwise have to 
emulsify. In addition, conditions in the well are 
favorable for demulsification of any emulsion 
that might have formed before the fluids entered 
the well. Elevated temperature at depth and 
turbulent conditions of the fluids, in passing 
through the pump or flow tubing, accomplish 
thorough dispersion of the reagent. 

In batch treatment of petroleum emulsions in 
tanks, adequate distribution of the reagent may 
often be secured by slow addition of it to the 
fluid surface, depending upon convection currents 
set up bj^ steam coils in the bottom of the tank 
to bring contimially fresh fluid to the surface. 
If additional agitation is necessary, it may be 
accomplished by injecting compressed air or gas 
into the fluid. If a transfer pump is available, it 
may be used to draw fluid from the bottom of the 
tank and pump it back over the top, perhaps 
adding the reagent through a lubricator attached 
to the pump suction line. In treating 'Hank 
bottoms’* or emulsified water that has settled 
from oil after standing for a considerable time 
in storage, the emulsion is forced through a heater 
and into a settling tank with the aid of a recipro- 
cating transfer pump. A tank of reagent contin- 
uously feeds cliemicai solutioii into the pump 
suction line through suitable pipe connections, in 
amount regulated by a control valve (see Fig. 
269 ). 

Whether or not application of heat will be 
advisable in chemical treatment of petroleum 
emulsions will depend upon the nature of the 
emulsion and the saving in cost of chemical that 
might be effected by so doing. Refractory emul- 
sions, in which the water droplets are very 
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small and closely spaced, generally require application of heat, sometimes to tem- 
peratures as high as 180°F. Bemiilsification is nearly always hastened and may 
often be accomplished with a smaller amount of chemical by heating. However, 
heating is often expensive, both in fuel cost and in loss of oil by evaporation, 
but these costs may be less than the cost of chemical saved. Exhaust steam 
or fuel gas, otherwise wasted, is sometimes available on oil-producing properties, 
and, in such cases, greater economy is usually achieved by heating, particularly if 
precautions are taken to minimize evaporation losses. When oil is produced from a 
deep-seated source, it is often delivered at the surface at temperatures considerably 
above normal atmospheric temperature, and flow-line treatment of the oil without 
further heating is effective. 

The amount of reagent necessary for efficient dehydration varies with the character 
of the emulsion and temperature. Tret-O-Lite is usually furnished in concentrated 
liquid form in 50-gaL drums and costs about $2 per gallon at the manufacturer’s plant 
in St, Louis, Mo. In the field, it is often diluted with water to form a 2 per cent solu- 
tion before mixing with the emulsion to be treated. One part of reagent to 10,000 or 
more parts of emulsion is sometimes sufficient, and, in such cases, the cost of chemical 
used will not exceed 1 ct. per barrel of demulsified oil recovered. One gallon of 
reagent to 100 bbl. of oil is a not an uncommon ratio with light oils. In some instances, 
chemical cost is as low as 0.2 ct. per barrel. On the other hand, very refractory emul- 
sions may require a quantity of chemical costing as much as 14 cts. per barrel. 
Chemical treatment requires little in the way of expensive physical plant and can 
often be applied with equipment ordinarily available on the oil-producing property; 
hence, first cost, depreciation and maintenance charges are small items. But little 
extra labor or skilled supervision will ordinarily be necessary. In some cases, labor 
cost of chemical treatment has been estimated at 1.3 cts. per barrel. The only other 
item of any great magnitude to be charged against the cost of dehydration is the 
oil loss by evaporation resulting from heat treatment. In some cases, evaporation 
loss becomes the largest single item of expense in total cost of dehydration, being as 
great as 7 per cent of the volume of the oil. However, this is doubtless excessive and 
greatly in excess of average. 

The chemical method of dehydrating petroleum emulsions has certain advantages 
that commend it to many producers. The installation cost is low, and operating 
costs generally compare favorably with other methods. The process and equipment 
are simple in character, can be quickly installed and unskilled labor can be employed 
in its operation. The process adapts itself well to both large- and small-scale opera- 
tions. Dehydrating facilities may at all times be proportional to the volume of oil 
to be treated, so that large plant capacity necessary during the period of flush produc- 
tion does not penalize the producer at a later date when the rate of production has 
declined. Under favorable conditions, ^‘cut” oil is quickly and effectively demulsified 
by chemical treatment and the quality of the oil is not affected by the chemical used. 
Although some types of emulsion are probably more efficiently dehydrated by other 
means, the chemical method has a wide range of application. 

Centrifugal Dehydration of Petroleum Emulsions 

Centrifugal force, developed mechanically by rapid rotation of an 
oil-water mixture, is effective in bringing about separation of the two 
fluids. The effect is identical with that of gravity but is many times as 
powerful. Centrifuges capable of developing rotational speeds of 15,000 
r.p.m. develop a force equivalent to 13,000 times that of gravity. Effi- 
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ciency in separation of the oil and water is dependent directly upon their 
relative densities: the greater the difference in specific gravities, the more 
effective will the separation be. 

A centrifuge capable of bringing about complete separation of the two 
fluids frono. an emulsion must have a high speed of rotation. Machines 
so far developed for large-scale continuous operation consist of a metal 
bowl mounted on the upper end of a vertical shaft that is rapidly rotated 
by a direct-connected electric motor or steam turbine. Belt-driven 
machines may also be secured if desired. The oil-water mixture, usually 
preheated to reduce viscosity, is fed into the bowl at its center through 
a pipe that discharges into the bowl near the bottom. The selective 
action of centrifugal force then causes the water — the denser of the two 
fluids — to move outward toward the perimeter as it moves upward toward 
outlets in the cover of the bowl. A clear-cut cylindrical plane of separa- 
tion is developed between the two fluids, the position of which depends 
upon the percentages of oil and water present. Clean oil overflows 
through an outlet in the top of the bowl near the center, while water 
escapes through a second outlet near the outer perimeter of the bowl. 
Sand and other suspended impurities tend to follow the water, though 
the coarser solids generally remain in the bowl and must occasionally 
be removed by hand methods after stopping rotation and removing the 
cover. 

Two types of centrifuges have been adapted to the treatment of 
petroleum emulsions and have found industrial application. These are 
the Sharpies supercentrifuge and the De Laval oil separator. Use of 
these devices has been chiefly in extraction of suspended solids in refined 
and semirefined petroleum products, but they have also been used in 
separation of water from crude petroleum. Oil-water mixtures of the 
less stable type may be completely separated in one operation in a few 
minutes; but if the fluid contains a more stable type of emulsion, the 
water discharged from the centrifuge will carry some emulsified oil with 
it, particularly if the oil is of high density. Heating the oil before treat- 
ment will permit of more complete separation, but in some cases the 
emulsion will not be completely resolved, even at high temperatures. 
In this event, the emulsion may be separated from the free water for a 
second centrifuging, generally after further heat or chemical treatment. 

The De Laval oil purifier,* illustrated in Figs. 270 and 271, is unique in the con- 
struction of the centrifuge bowl, which is equipped with a series of thin sheet-metal 
cones, mounted one over another on the central spindle in such a way that narrow 
spaces are preserved between them. The oil to be treated is fed into a pipe pene- 
trating the center of the cover of the bowl and passes down to the bottom, whence 
it flows out and up through a series of circular holes, which penetrate the cones, and 

* Manufactured by De Laval Separator Co., New York and Chicago. 


PRELIMINARY REFINING OF PETROLEUM 


507 


is distributed in thin layers between them. Here, owing to centrifugal action, separa- 
tion of water and solid impurities from the oil takes place. Water and solids, being 
heavier than oil, flow along the lower surface of each cone toward the periphery of 
the bowl, where they are led into the water-discharge channel. The oil, cleaned of 
its impurities, is forced toward the center of the bowl, flowing along the upper sur- 
faces of the cones to an annular channel surrounding the central feed pipe, through 
which it overflows into the oil-discharge pipe. 

For a given speed of rotation and gravity difference between the oil and water, 
the bowl soon develops a fairly well-defined line of separation between the two fluids, 
which automatically adjusts itself to vary- 
ing proportions of oil and impurities. If 
clean oil enters the bowl, there will be no 
discharge through the ^‘sludge’’ outlet, 
whereas if water only is passed through the 
bowl, nothing will flow from the oil outlet. 

The boAvl is designed for maximum sludg- 
ing capacity and has a relatively large 
dirt-holding capacity (168 cu. in. in the 
No. 600 machine). 

The practical advantage of this pat- 
ented bowl construction, aside from any 
advantage that may exist through securing 
a more complete separation of the water 
and oil, lies in the fact that the desired 
result is accomplished with a much smaller 
speed of rotation. The No. 600 machine, 
which can be purchased either with a direct 
steam turbine or electric-motor drive, has 
a rated capacity of 10 to 15 bbl. of crude 
per hour and is operated at a speed of 
6,000 r.p.m. The cost of this machine is 
about $1,500 per unit. When electric 
power costing ct. per kilowatt-hour is 
used, the manufacturers claim that a small 
installation of De Laval purifiers may be 
operated at a cost of about 4 cts. per barrel, 
including all charges, for crudes of mod- 
erate B.S. content. 

The Sharpies supercentrifugal process* utilizes a machine of simple bowl type as 
described above (see Fig. 272) driven by a direct-connected steam turbine at a speed 
of 17,000 r.p.m., developing a separating force 16,900 times the force of gravity. 
The oil to be treated is given preliminary heat treatment by means of steam coils 
placed in a 250-bbL tank partially filled with water through which the emulsion rises. 
Heated emulsion is led to the centrifuge from an overflow pipe near the top of the 
tank. Temperatures maintained range from 110 to 180°F. if complete separation of 
the emulsion is required. The manufacturers state that greater efficiency is secured 
with very refractory emulsions through the addition of suitable chemicals^' to 
the emulsion in the heat-treatment tanks. The centrifuge discharges two products: 
clean oil, which is ready for shipment; and water, which may at times contain small 
percentages of B.S. or unseparated emulsion. The Sharpies centrifuge of the size 

^ Sharpies Specialty Co., New York City, 



Fig, 270. — Sectional view of De Laval oil » 
purifier. 
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manufactured for this class of service (No. 6) has a capacity ranging from 100 to 
200 bbl. of clean oil per 24 hr., depending upon the character of the emulsion. The 
cost of a single centrifuge is about $2,000, and it is estimated that a five-unit plant 
can be installed for about $18,000, including three additional rotors, necessary steam 
boilers, pumps, tank and other accessories. The operating cost for a five-unit plant 
is estimated at $62 per day. 

The cost of dehydration by the centrifugal method will compare favorably with 
that by other methods. Under average conditions, the cost should not exceed 7 cts. 



(After D. B. Dow, V. S. Bur. Mines.) 

Fig. 271. — Sectional view of bowl of De Laval oil purifier, showing direction of flow of 

fluid during treatment. 

per barrel of clean oil produced. In one Kansas plant, where the oil was light and 
easily treated, total costs were but 2.6 cts. per barrel, but in another plant, where 
high temperatures were necessary and conditions were otherwise adverse, the cost 
(including evaporation losses) rose to 25' cts. per barrel. 

Figure 273 presents a diagrammatic lay-out of a typical plant for centrifugal 
treatment of crude-petroleum emulsions. Emulsified oil to be treated enters the 
plant at the right and is temporarily stored in sump d., from which it is pumped as 
needed to the elevated feed tank B. This tank is equipped with steam coils to permit 
of heating the emulsion to whatever temperature may be desirable and is of sufficient 
height to flow the oil by gravity through a battery of centrifuges. Additional water 
may at times be advantageously fed with the ‘‘cut’' oil to the centrifuges to serve as a 
carrier for the emulsion. As a result of this primary treatment, the emulsio'n and 
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free water are separated from the oil, the clean oil being pumped to storage, whereas 
the water and emulsion are stored in sump E for further treatment. Here the 
emulsified oil is subjected to additional heat treatment, after 'which it is pumped to a 
second group of machines for further centrifuging. Such a plant, equipped with 14 
primary and 3 secondary units, has a capacity of about 5,000 bbl. of oil of 15 per cent 
“cut” per day. This assumes reasonably light oil — i.e.j above 23°Be. 



iAfter D, B. Dow, U. S. Bur. Mines.) 


Fig. 272. — Sectional view of Sharpies centrifuge, with detail showing disposition of water 
and oil in the bowl during operation. 

In this figure, a is the rotating bowl; 6, a supporting spindle; c, a ball-bearing suspension; d, a guide 
bushing; e, the feed pipe for entering oil;/, point of admission of emulsion to bowl; g, cylinder of water; 
h, cylinder of oil; i, water-discharge ports leading to space below upper cover j ; and k, oil-discharge ports 
leading to space below lower cover I. 

The centrifugal method of dehydrating petroleum emulsions has the advantage 
of rapidity in action, that is, the oil is under treatment for a very brief time; and 
though heat may usually be applied to advantage, opportunity for evaporation loss is 
slight. Oils carrying high percentages of water can be successfully handled by this 
method and the percentage of water quickly reduced from as much as 70 or 80 per cent 
to as little as 0.5 per cent. The centrifuges are small in size and capacity, so that the 
plant is flexible in its power consumption and can readily be adapted to changing 
production requirements by adding or subtracting units. They may readily be 
transported from one location to another and placed in service as changing conditions 
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may dictate. Units may be installed and placed in operation in less than 24 hr. 
The centrifugal method is handicapped by the presence of suspended solids in the 
emulsion. Sand, clay, wax and other impurities of this character accumulate in the 
centrifuge bowls and, if present in excess, operations must be occasionally interrupted 
for cleaning. Frequency of cleaning varies widely. In one plant, the machines had 
to be stopped for cleaning only once in 3 weeks; in another case, where the oil carried 
a high percentage of solid impurity, they had to be cleaned ten times in 24 hr. 

Dehydeation by Filtration Methods 

Many efforts have been made to develop processes designed to sepa- 
rate emulsified oil and water by filtration under pressure through various 
porous mediums, and a number of patents have been issued covering 
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Fig. 273. — Diagrammatic layout for a centrifugal-dehydration plant. 


processes of this character. CottrelPs original patents (see page 492), 
covering the electrical process of dehydration, specified the use of a 
^'wetted septum” or water-wet canvas bag through which the water 
phase of the emulsion was passed. Water passes through such a water- 
wet filtering medium, and if the pore spaces of the filter are sufficiently 
small, the oil phase will be left on the upstream side of the filter. Con- 
versely, an oil-wet filter cloth will pass oil but not water. Excelsior, 
sand, diatomaceous earth, glass wool and other filtering mediums have 
also been used with more or less success, often with the aid of the familiar 
filter press, so widely used in wax filtration in oil refining and for like 
purposes in other industries. In addition to their filtrative properties, 
the sharp angular edges and projections that such materials present 
are to some extent successful in altering the interfacial tension relation- 
ships between the water and the oil. 
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In one California plant where a thin layer of diatomaceous earth on 
filter cloth was used as a filtering medium with a standard type of filter 
press, 1,300 bbl. of dehydrated oil was produced daily at a cost of only 
2^2 cts. per barrel. The filter was effective for more than 6 months 
without changing the diatomaceous earth.* 

One of the most widely used of the dehydrating devices employing 
the filtrative principle is the so-called '^hay tank.^^ This consists of 
a tank of wood or steel equipped with horizontal baffles supporting 
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Fig. 274. — Vertical section through 750-bbl. steel hay tank. 


masses of closely packed excelsior (see Fig. 274). Emulsified oil is 
introduced through a pipe into the bottom of the tank and flows upward 
by a circuitous path through the baffles and excelsior. Minute globules 
of water in the emulsion adhere to the rough edges of the excelsior and 
coalesce to form larger drops that gravitate downward to the underlying 
baffle, from which it is drained by a pipe. Oil, largely free of water, is 
discharged through a pipe near the top of the tank into a near-by stock 
tank. A hay tank is generally used in connection with a ^^gun-barreT’ 

* McKenzie, J. W., Dehydration of Oils by the Filtration Method, Oil Gm 
/own, voL 24, No. 28, p. 59, 1925. 
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tank (see Fig. 260), in which most of the quick-settling water is drained 
from the well fluid before it enters the hay tank (see Fig. 275). When 
heat is required to promote separation of the water, it may be applied 
by introducing live steam into the fluid in the gun-barrel tank or by 
placing steam coils in the gun-barrel or hay tank. If necessary, chemical 
dehydrating agents may be added to the emulsion before it enters the 
gun-barrel or hay tank. A 750-bbl. steel hay tank, constructed in a 
west Texas field, complete with fittings and 120 bales of excelsior, cost 
$1,250. Under favorable conditions, costs of dehydrating by this 
method may be lower than by other methods, and when used in connec- 
tion with other dehydrating processes, frequently leads to reduction in 
expense. One operator, in the Hendricks field of Texas, had been treat- 



4 feet high 


{ASie.T R. E. Heithecker, U. S. Bur. Mines.) 


Fig. 275. — Sketch showing arrangement of gun-barrel tank, hay tank and stock tank for 
separating water from crude petroleum. 


ing 850 bbl. of oil per day by heat and chemicals at a cost of 4.37 cts. 
per bbl. After installing a hay tank, the treating cost was reduced to 
1.36 cts. per bbl, for the same throughput. The amount of chemical 
used may often be considerably reduced or even entirely eliminated 
when a hay tank is employed. Treatment temperatures averaging 
about 130°F. are commonly used on w^est Texas oils.*** 


Economic Importance of Petroleum Dehydration 

Although exact statistics on the quantity of emulsified oil produced 
in the oil fields are not available, it is knowm that the treatment of such 
oil to accomplish its dehydration represents an important item of oper- 
ating expense wdth many oil producers. It is also known that a consid- 

* Vance, H., Borne Difficulties of Handling Cut Oils in the West Texas Fields, 
February, 1930, pp, 88-’90. 
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erable quantity of emulsified oil never reaches a refinery because the 
producer lacks the facilities or means for economically accomplishing its 
dehydration. In. so far as it is possible to reclaim this oil or prevent its 
emulsification by changes in operating conditions, ^^cut'^ oil discarded 
for this reason represents economic waste. 

The average cost for treatment of emulsified petroleum is probably 
about 3 cts. per barrel, and if we assume that, say, 25 per cent of the oil 
produced in the United States must be treated to accomplish its dehydra- 
tion, an annual cost to the oil-producing industry of something like 
million dollars is indicated. Most dehydrating processes involve 
heating the oil to temperatures at which important evaporation losses 
occur. These losses have been estimated as high as 5 per cent in certain 
mid-continent fields, but assuming that the loss averages only 2 per cent 
of the petroleum treated and that it is worth $2 per barrel, the oil so 
lost has a value of upwards of 10 million dollars. 

The expense of dehydration and incidental evaporation losses are 
but minor factors in the total economic loss resulting from contamination 
with water in oil production. Great quantities of water are pumped 
from wells in many fields, quantities far in excess of the volume actually 
treated in oil dehydration, much of this water settling out freely in sumps 
or tanks after reaching the surface. For the entire state of California, 
during a recent year, approximately 32 per cent of the fluid pumped 
from oil wells was water. The cost of pumping and disposing of all of 
this water is an important element of expense to the producers. Even 
after dehydration, the water content of oil shipped to the refineries is 
often as high as 2 per cent. Though the percentage of water in pipe-line 
oil is small, the aggregate amount transported is large. The cost of 
handling and transporting only 1 per cent of the annual petroleum pro- 
duction of the United States, or say 10 million barrels, represents a 
considerable element of expense in the industry's annual balance sheet. 
Subsequently, this 10 million barrels of water must be evaporated in 
the refiner ^s stills with the oil, representing a further expense in fuel 
consumption. Also, this vrater is often corrosive and is probably respon- 
sible in no small degree for corrosive effects that result in rapid destruc- 
tion of the bottom plates of steel storage tanks. Although it is not 
possible precisely to evaluate these losses, it is apparent that they are 
sufficiently large to warrant serious consideration in devising ways in 
which they might be reduced. 

Methods of Reducing Emulsification Tendencies in Oil Production. — 
In restricting emulsification tendencies, it is evident that anything that 
may be done 'to prevent water from finding access to the oil reservoir 
rock and to the wells will be directly beneficial. Methods of excluding 
water from wells have been discussed in an earlier section of this volume 
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(see page 388) and in the companion volume “Oil Field Development/^ 
Chap. IX. Where water must be handled with the oil, proper operation 
of pumping equipment and use of methods that avoid initimate mixtures 
and agitation of the fluids will reduce dehydration costs. Prompt and 
thorough removal of water from the oil, after reaching the surface, wdll 
reduce subsequent losses incidental to transportation, storage and refining. 

In some instances, where the productive formations yield both oil 
and w^ater to the wells, the amount of water entering the well will depend 
upon the rate at which the fluid is produced. A restricted rate of produc- 
tion, in which a moderately high fluid level is maintained, with the pump 
working barrel or lower end of the flow tubing located well above the 
top of the productive formation, may result in comparatively little 
w^ater entering the well. A rapid rate of production, on the other hand, 
may cause the water to “cone up'^ and take possession of the wall rocks 
of the V'Cll so that comparatively little oil enters. Prevention of water 
influx, in such cases, is often largely a matter of controlled back pressure 
on the productive formation. 

Where wells are situated near the productive limits of a pool and the 
water entering with the oil is edge water, little can be done other than 
to maintain such a rate of production among the various edge wells as 
will result in a uniform rate of edge-water encroachment. Irregularities 
in the rate of advance of edge water, owing to inequalities in texture of 
the reservoir rock, often result in certain wells producing abnormally 
large amounts of water. Such wells should be operated under higher 
back pressure, thus reducing the rate of flow of fluids toward them. 
Repressuring edge properties, by forcing compressed air or natural gas 
into the productive formation, offers a means of checking or, perhaps, 
entirely preventing the encroachment of edge water. 

Emulsion May Form in Reservoir Rock. — Research has demonstrated 
that petroleum and water may emulsify during their flow through the 
reservoir rock, but it is believed that flow conditions sufficiently turbulent 
to cause emulsification would be possible only in the immediate vicinity 
of the walls of the wells.* Back in the reservoir rock, at points remote 
from the wells, flow velocities are probably too small to cause appreciable 
emulsification. In cases where emulsification of petroleum occurs within 
the reservoir rock, before the oil enters the wells, the quantity of emulsion 
formed may be diminished by reducing the velocity of flow of the fluids 
as they approach the walls of the well. This may be accomplished by 
applying back pressure to the well or by increasing the diameter of the 
well. Back pressure generally secures decreased flow velocity at the 

* Moebis, M. W,, “An Investigation of Oil-field Emulsions^ a thesis for the degree 
of Bachelor of Science, conducted under the supervision of the author, University of 
California, 1920. 
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Fig. 276. — Microphotograph of emul- 


expense of a diminished rate of oil recovery, but increase in well diameter 
accompanied by moderate application of back pressure will produce the 
desired decrease in flow velocity without diminishing the rate of produc- 
tion (see page 368). 

Foraiation of Emulsion in Flowing and Gas-lift Wells. — If oil and 
water flow through the reservoir rock and enter the well without being 
emulsified, they are apt to become so as a result of agitation and turbu- 
lence during their subsequent move- 
ment to the surface. Every device or 
method used in lifting oil from wells 
creates a certain amount of agitation in 
the fluid handled. Gas associated with 
the oil assists in producing turbulent 
and intimate admixture of the water 
and oil if both are present. Gas rising 
through an accumulated body of water 
and oil in the well is capable of creating 
considerable turbulence. Agitation of 
the oil and water is particularly violent 
in flowing and gas-lift wells where high 
flow velocities are attained as a result 
of large volumes of gas being forced sion produced by gas-lift. (Centrifuge 
through tubing, valves and control 

devices of restricted cross section. There is also a certain amount of 
“slippage’’ of the gas through the liquid in the flow tubing that, coupled 
with variable flow velocities in different parts of the pipe cross section, 
leads to intimate admixture of the oil, gas and water, thus producing 
conditions exceedingly favorable for emulsification. Figure 276 repro- 
duces a microphotograph of a characteristic “gas-blown” emulsion pro- 
duced from a well operated by gas lift. 

Much of the emulsion produced from high-pressure flowing wells is 
formed at the constrictions which are often placed in the flow, lines to 
maintain back pressure on the well. “Beans” or “chokes” that require 
the fluids to pass through small apertures and then permit sudden expan- 
sion of the associated gas result in extreme tqrbulence and formation of 
large quantities of refractory emulsion. Elbows, valves and other fittings 
or sharp bends in the flow lines produce a similar result. 

Water Traps. — Operators have been able partly to correct this diffi- 
culty by passing the fluids through some form of water trap or “water 
knock-out” in which separation of the water and oil may occur before 
the gas pressure is released. Fittings and changes in direction of the 
flow lines between the well and the trap are reduced to a minimum. 
In this way, the oil, gas and water are drained off through separate out- 
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lets and there is no opportunity for emulsification to occur at the point 
of pressure release. 

Figure 277 presents a drawing of a typical water trap, which is constructed of 
12l^4n. casing. Fluid from the well enters at the left through lead line A and dis- 
charges into the upper limb of the trap, which is about 140 ft. long and inclined 
downward from the intake at a small angle (about 1 deg.) from the horizontal. The 
upper limb of the trap is connected at its downstream end with the lower limb, w^hich 
is about 30 ft. long, by a 4-ft. riser. As fluids move toward the downstream end of the 
upper limb of the trap, w'ater settles to the bottom of the casing and enters the lower 
limb, w^hile the gas and oil escape through outlet pipe B, leading to an adjustable choke 
and gas separator. Float control C regulates the diaphragm-type water-discharge 



{After R. E. Heithecker, U. S. Bur. Mines.) 

Fig. 277. — Sketch of trap for separating free water from crude petroleum. 

valve P so that the oil-water level, as disclosed by a glass gage, is maintained well 
below the level of the oil- and gas-discharge line. The float chamber of the control 
valve is supplied with gas collected in a small gas dome near the intake end of the 
upper casing, and the diaphragm of the water-discharge valve is actuated by gas 
pressure, which is controlled by gas-control valve D and a system of levers E, con- 
necting with the float. A gas-pressure regulator maintains a uniform pressure on the 
control mechanism. When water in the lower portion of the trap rises to a deter- 
mined level, for which the float regulator is adjusted, the float valve functions through 
connecting levers E and gas valve D to release the gas pressure on the diaphragm of 
the water discharge valve F, thus opening it and allowing water to escape. When 
the water fails to a determined level for wdiich the float mechanism is adjusted, gas 
pressure is applied on the diaphragm of the water-discharge valve, thus closing 
it. Where the well fluid contains a uniform amount of water, the controlling mecha- 
nism may be so adjusted that the gas-actuating valve continually exhausts only enough 
gas partly to open the wat,er discharge valve, and a continuous flow of water is released 
from the trap, equivalent to that which separates from the oil. 
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111 gas-lift wellSj emulsification in the eduction tube may be minimi^^ed 
by controlling the pressure conditions so that the smallest possible 
volume of gas is used to lift the oil, and so that orderly flow with a mini- 
mum of turbulence results. To reduce emulsification, an eduction tube 
of as large a diameter as may be consistent with other requirements 
should be used. Where a gas-lift well is of sufficient diameter and is 
producing a large volume of water, it should be possible to insert two 
eduction tubes, one extending to the bottom of the well to handle water 
and the other arranged to skim oil from a point above the water 
level. 

Formation of Emulsion in Plunger Pumping. — ^When oil is pumped 
from wells by a plunger type of pump, there are many opportunities for 
emulsification of the oil if water is present, though, generally speaking, 
the conditions are less favorable for emulsification than in a flowing or 
gas-lift well (see Fig. 278). Emulsion may form owing to intimate 
mixture of the oil and water in pass-, 
ing through the holes and passages of 
the gas anchor, through the stand- 
ing and working valves and through 
the nut encircling the Garbutt rod 
on the lower end of the plunger. In 
rising through the well tubing to the 
surface, whipping^’ of the sucker 
rods, due to alternate release and 
application of strain, may cause for- 
mation of emulsion. Plunger or valve 
leakage or tubing leaks are also con- 
ducive to emulsification. Perhaps 
the most potent of these different 

causes of emulsification, encountered produced by plunger pumping. 

, . ,, (Centrifuge ‘ cut, 29 per cent.) 

m plunger pumping, are the pump 

valves. The valve seats generally present constrictions in the flow 
channel through which higher-than-normal velocities are necessarily 
attained. In passing through the valve seat and around the spherical 
valve, the fluid is required abruptly to change its direction of flow, leading 
to abnormal turbulence. 

Operating adjustments should be such as will result in a minimum 
volume of gas entering the pump, for, as has been shown, the presence 
of gas materially increases turbulence. By equipping the pump with a 
suitable gas anchor, much of the free gas may be kept out of the pump, 
but there must necessarily be a certain amount of gas entering in solu- 
tion in the oil. Some of this gas is released from solution on relief of 
pressure within the working barrel during the upstroke of the plunger 
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and undoubtedly plays an important part in causing emulsification at this 
point and in the tubing and lead lines above. 

Plunger and valve leakage, due to abnormally large plunger clearance, 
worn cups or valve seats, is a likely cause of emulsification, for the high 
pressure applied on certain parts of the plunger stroke results in the 
fluids being forced through such openings in the form of jets, which leads 
to a high degree of turbulence. Leaks in the tubing through which the 
oil is lifted to the surface probably produce a similar result. 

Emulsification of oil within the pumping mechanism can be minimized 
by so regulating the pumping speed that adequate submergence of the 
pump is maintained and the wells do not ^^pump off,^^ thus preventing 
gas from being drawn into the pump. Oversize pump valves probably 
assist materially in reducing emulsification. ‘ A long, slow stroke of the 
pump, with fewer stroke reversals, is also effective in reducing turbulence 
■within the working barrel and agitation of fluids by the sucker rods within 
the tubing. Maintenance of pumps in efficient working condition, par- 
ticularly in preserving proper plunger clearance and in prompt replace- 
ment of worn plunger cups, valves and seats, is also important. Use of 
an adequate size of pump, in terms of volume of fluid to be handled, will 
permit lower fluid velocity through the pump passages, with correspond- 
ingly less tendency toward emulsification than if a small-sized pump is 
used. Raising the tubing, so that the working barrel is further off bottom, 
will often lead to less cutting^’ of the oil. 

Other Causes of Emulsification. — In swabbing wells, considerable 
emulsification of water and oil may occur. Wear in the rubber friction 
surfaces of the swab and variation in internal diameter of the tubing 
or casing through which it is drawn permit leakage of fluid between the 
swab and the pipe, causing turbulence and emulsification. Agitation of 
fluid in the well, incidental to lowering the swab through it, may also 
cause a certain degree of agitation and intimate admixture of the oil and 
water. The remedy lies in maintenance of proper clearance between 
the tubing and the swab and in lowering the swab into and through the 
well fluid slowdy. 

Forcing oil through the lead and gathering lines from the wells to 
traps or storage tanks is often responsible for formation of emulsion. 
Such lines often have corroded or incrustated walls, causing turbulence 
in the fluids passing through, particularly if gas is present or if the flow 
velocity is high. Similar difficulties, due to valves and fittings leading 
to sudden changes in direction of flow, produce emulsification. The 
well fluid should be passed through a separator as early as possible 
after emerging from the well, so that the gas and free water may be 
removed from the oil before it is forced for any great distance through 
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Removal of Salt from Crude Petroleum 

Occasionally salt is present in crude petroleum to such an extent 
that desalting in the field becomes necessary or desirable. Salt in crude ’ 
petroleum may result from the evaporative effect of natural gas blowing 
through oil and saline water in the well, evaporating the water and leaving 
its salt content as a contaminant in the oil. Presence of salt in petroleum 
renders it highly corrosive and destructive to refinery equipment. 

Salt in crude petroleum may be largely removed by emulsifying the 
oil with fresh water, which dissolves the salt, and then dehydrating by 
either of the methods suggested in the foregoing sections. Emulsifica- 
tion may be accomplished by passing the water and oil under pump pres- 
sure through a restricted orifice or by drawing both simultaneously 
through the suction intake of a pump, preferably with a little gas or air. 
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CHAPTER VIII 


GATHERING, LOCAL STORAGE AND SHIPPING OF 
PETROLEUM; GAGING, SAMPLING AND TESTING 
OF OIL AND GAS 

The producer of petroleum must provide facilities for storage of oil 
on the producing property and for transportation of the oil from the 
wells to the storage facilities. Limited storage facilities are usually 
provided at or near each well to receive the flow from the well or the gas 
trap serving the well, providing a place for accumulation and separation 
of suspended solids and free-settling water. After a period of settling, 
accumulated impurities are drained away and the residual oil is trans- 
ferred through an oil-gathering system of pipe lines to a larger capacity 
central storage plant. If the oil still contains emulsified water, it is 
carried by the gathering lines to a central dehydrating plant where it is 
treated for removal of water before being placed in storage. From the 
central storage plant, “runs^^ are occasionally made through a “shipping 
tank’^ to the transportation facilities that carry the oil from the pro- 
ducer’s property to the refinery or to still larger storage “farms” where 
great quantities of oil may be stored to await future market demand. 
Prior to shipment from the producer’s property, the oil must be accurately 
gaged to determine its volume, and samples taken from the shipping 
tank are tested to determine the quality of the oil and the amount of 
impurity present. 

A separate gathering system of pipe lines transmits natural gas from 
the side outlets of the well casing heads or from the gas-discharge outlets 
of the gas traps to a matural-gasoline recovery plant, to a power- plant 
or to a compressor plant where it is compressed for operation of gas lifts 
in producing wells, for reinjection into the producing formations or for 
transmission through high-pressure pipe lines to a distant market. At 
some point or points in the gas-gathering system, suitable meters are 
provided to record the volume and pressure of the gas passing through. 

Initial Storage of Oil at the Well 

Storage facilities should always be provided at or near a well before 
it is brought in.” Decision as to the size and number of flow tanks to 
provide may be based upon the experience of earlier wells in the vicinity. 
The gravity of the oil produced will determine the character of storage 
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facilities that should be installed. A high-gravity (A.P.I) oil requires 
that special precautions be taken against evaporation losses, whereas, in 
a low-gravity oil-producing district, such precautions are not so essential. 
Storage facilities provided at the well consist either of steel or wooden 
tanks or earthen or concrete-lined sumps. 

Sumps, — An open sump is the cheapest type of local storage and is 
the kind often provided in low-gravity oil districts where evaporation 
losses are not a serious consideration. Open sumps may be constructed 
by simply scooping out a little of the surface soil near the well, with pick 
and shovel or scraper, and piling the earth so removed around the excava- 
tion to form an embankment that will further increase the storage 
capacity. Sometimes natural depressions in the vicinity are utilized for 
sump storage. Perhaps no preparation of the ground will be neces- 
sary; occasionally, a small dam across a gulch or dry stream bed will be 
sufficient. 

Such a sump should be situated as near the well as convenient, and, 
if the ground is at ail sloping, it should be on the down-hill side in order 
to gather all seepage and drainage that is bound to occur around the 
mouth of the well, especially during the operations of pulling tubing 
and cleaning. 

There are several objections commonly raised against the use of open 
earthen sumps. It is evident that there are apt to be excessive losses due 
to evaporation of the lighter and more valuable constituents of the oil 
by contact with the air and by the heating effect of the sun. There must 
also be considerable loss due to seepage through the earthern banks and 
bottom of the sump. Furthermore, the oil may become contaminated 
with small particles of earth; and, in time of rain, much surface and 
ground water will also find its way into the sump, causing more or less 
loss of oil ill the subsequent separation of the water from the oil and 
danger of overflow caused by floods. 

Evaporation losses from earthern sumps may be reduced somewhat by 
constructing a roof or cover over the pool. This also is effective in 
keeping out rain; and ground water may be controlled, even during a 
flood season, by proper drainage, that is, by digging small ditches around 
the sump to collect and carry off the surface waters. 

Seepage losses will be reduced to a considerable extent by a proper 
preparation of the inside surface of the sump. Clay is generally used for 
this purpose, being rammed or rolled into a smooth, impervious lining 
that prevents much of the loss of oil that would otherwise take place 
through an earthen or sandy bottom. 

Light oil standing in open earthen sumps has been known to shrink 
as much as 40 per cent in the course of from 15 to 20 days. Oil between 
33 and 34® in gravity, standing in open tanks exposed to the air 
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and sun for only 24 hr., has been known to lose 4 per cent of its original 
volume by evaporation alone; and when it is remembered that these 
losses represent the lighter and more valuable constituents of the oil, it 
is apparent that their reduction is a matter well worthy of serious con- 
sideration. One reason why the producer does not take greater interest 
in evaporation losses of oil is that* he often receives the same price per 
barrel for his oil regardless of its gravity. In the low-gravity oil districts 
of California, for example, 17®Be. oil commands no higher price than 
does 14® oil; the loss of a few points in Baume gravity therefore means 
little to the producer. It is simply an economic loss that the refiner or 
consumer ultimately pays by using a poorer grade of oil. Loss in bulk, 
however, is another matter, representing a direct loss to the producer of a 
certain percentage of his product. 

Another point worthy of note in the discussion of open sumps is the 
increased fire risk. There is often more or less gas on the surface of 
such sumps, ready to flash at the slightest spark and set fire to the entire 
pool. When such a fire once starts, there is little chance of stopping it, 
and it means the loss of at least the oil in the sump and, in addition, the 
danger of setting fire to the near-by well and derrick. On account of the 
fire risk, the sumps should be placed at least 100 ft. from the well, and 
the intervening space should be kept free from dry grass and other 
vegetation. 

Although the disadvantages of sump storage are fully recognized by 
most producers, it is occasionally the only feasible plan for gathering the 
oil as it flows from the well. For example, if large quantities of sand or 
water are produced with the oil, the sump offers a ready means of settling 
the impurities, which may not so economically be effected by any other 
method. 

Provision must be made for draining water from sumps used for oil 
storage. Oil, being lighter than water, will of course float on top of it, 
so that as the quantity of water in the bottom of the sump increases, the 
available storage space for oil decreases. The bottom of the sump is 
given a slight slope, and the water collects at the lower side and may be 
drained off through a pipe suitably placed to tap the lowest stratum of 
liquid (see Fig. 251). When the oil and water may be carried away by 
the natural drainage, the oil is allowed to overflow into a box from which 
it enters a pipe leading to the collecting mains. Often the oil is skimmed 
from the sump by the suction of a transfer pump. Losses of oil carried 
away by seepage and overflow from sumps are often serious. Catch 
basins constructed in the natural water courses are usually successful 
in recovering much of the oil. One such catch basin, situated in a 
ravine that cuts across the Kern River field of California, recovered an 
average of 85 bbl. of oil per day for more than 8 years. 
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Tanks for Initial Storage. — Many of the disadvantages of open sumps 
may be obviated by the use of wooden or steel tanks. Losses due to seep- 
age are reduced to practically zero in such a storage; ground water, 
rain and dirt may be largely eliminated or prevented from mixing with 
the oil ; and if the tank is properly covered and protected from the sun, 
evaporation losses will be reduced to a minimum. Such tanks are almost 
universally used in the high-gravity oil districts where the losses in 
the lighter and more valuable constituents, which would otherwise be 
incurred, make such installations indispensable. Tanks are used on the 
better managed properties, even in the low-gravit}^ oil districts, for they 
possess other advantages, aside from reduction in seepage and evapora- 
tion losses, particularly in the process of gaging and sampling oil, and 
also in the control and regulation of the gathering system. 

These tanks are made of either steel or wood. Wooden tanks 
are of the wood-stave variety. Metal tanks are usually built of riveted 
sheet steel or iron; frecpiently galvanized iron is used, since it resists 
corrosion better than black iron. The metal used is sometimes in flat 
sheets, sometimes corrugated. Bolted tanks are widely used for initial 
storage. In either case, the metal sheets are fastened together to form 
a large cylinder, and the joints are either calked or soldered so that 
they do not leak. The bottom is flat, is made of riveted sheets and is 
made watertight in the same way. Further details of this type of tank 
will be found in Chap. IX. 

Tanks used for the storage of oil at the well are usually small — say, 
100 to 500 bbl. in capacity, occasionally more — and one or more such 
tanks are placed at each well. 

A common size of tank used for initial storage is one about 10 ft. in 
diameter and 8 ft. high, which has a capacity of 100 bbl. A tank of this, 
sort is usually provided with a low conical cover, which serves to keep out 
rain and prevents evaporation losses to a considerable extent. Tanks 
are often provided with close-fitting covers made of boards and roofing 
paper. Some sort of a vent in the cover must usually be provided to 
allow any gas which forms, or which may be pumped in with the oil, to 
escape. A gage hatch and manhole are also necessary. 

Such a tank is often supported on a level timber frame, which serves 
to give an equal bearing and distribution of the load over the entire bot- 
tom and at the same time holds the metal bottom up off the ground and 
reduces rusting. Frequently tanks are placed on a carefully graded site 
surfaced with loose oil sand. A lOO-bbl, tank must be well constructed 
and supported, as the weight of the oil that may be stored in it is about 
16 tons. 

When tanks are used for initial storage at the well, they are connected 
directly with the lead line which conducts oil from the well or gas trap. 
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Flow tanks may be elevated so that drainage from them may be by 
gravity. This direct connection, from the well through the gas trap 
and flow tank to the oibgathering system, has a considerable advantage 
Qver sump-storage methods in minimizing evaporation losses by contact 
with air. It is usual to provide two or more tanks, which are used 
alternately, one filling while the other is allowed to settle and drain. 
Or tanks may be connected by suitable piping so that fluid may pass 
through them in series. In this case, much of the water and sediment 
accompanying the oil may settle in the first tank of the series and be 
‘^bled off^^ through a bottom drain with appropriate valve control, 
whereas comparatively clean oil is skimmed by a float connection, into 
the second tank. From the latter, ^^runs^’ are occasionally made through 
the oil-gathering facilities to larger capacity field-storage tanks or 
reservoirs. 

THE OIL-GATHERING SYSTEM 

The system of pipe lines, pumps, tanks, valves and other incidental 
equipment by means of which oil is transported and the flow controlled, 
from the wells to a main storage or shipping point, is called the gathering 
system or collecting system.^’ Important economies may be realized 
by proper design of the gathering system, with due regard to arrangement 
of pipe lines and location of tanks to secure the maximum advantage 
of gravity flowq with minimum consumption of power in pumping and 
minimum loss of oil in handling. 

The oil-gathering system must, of course, be designed to fit t|ie condi- 
tions imposed in each individual case. The contour of the ground not 
only has much to do with the layout of the gathering system but influences 
selection of a site for the dehydrating plant, storage center or shipping 
point with which it must connect. An accurate topographic map of 
the producing property, showing w^ell locations and indicating surface 
elevations at all points by contours, mil suggest an appropriate layout 
for the gathering lines that will permit the oil to flow, largely by gravity, 
to the storage center. The natural drainage is usually toward one side 
or corner of the property, and advantage will be taken of prevailing 
slopes in determining the direction of the gathering lines and the position 
of the main storage plant. When feasible from other points of view, 
the storage center, dehydrating plant or shipping point should therefore 
be placed at the lowest point on the property. Frequently, however, 
the shipping point is determined by the location of previously constructed 
shipping facilities, and the oil must be moved to what may be an other- 
wise unfavorable location.* In such cases, the production may be 
gathered by gravity drainage at the most favorable low point on the 
property, where adequate storage is provided, and then pumped to 
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sliippiiig tanks favorably placed for delivery to the transportation 
agencies. 

A more efficient gathering system is secured if, at the outset of the 
development of a property, careful consideration is given to the probable 
future requirements that the system will be called upon to meet. Main 
lines of adequate size will be strategically located, so that laterals of 
moderate length may connect with them from all well locations. They 
! should be so designed that extensions into undeveloped areas may be 

made with minimum interruption in service and readjustment of facili- 



Ficj. 279.“~ldeai gathering system for uniformly sloping terrain. It is assumed that 
small roft'iving and gaging tanks at each well, not indicated in the sketch, are placed at a 
sufficient elevation to permit oil to flow against the general ground slope for short distances. 

ties. Too frequently, the gathering system grows piecemeal, as drilling 
operations are extended, and eventually proves to be inadequate or 
poorly designed for the needs of the property as it approaches full 
development, perhaps requiring extensive and costly rearrangement or 
duplication of lines. Since a property is usually developed in a proven 
area by drilling the boundary wells first, it will soon become encircled 
by a gathering main with laterals extending to flow tanks at each well 
(see Fig. 279). Then, as interior locations are drilled, these will, in turn, 
be connected by provision of additional laterals and branch mains as 
may be required. Often, topographic conditions will be such that two 
or more different isolated systems must be provided, each draining tq 
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separate storage centers. Where some wells produce clean oil and others 
^^wet’^ oil, separate gathering lines for each may be desirable. 

If flow is to be by gravity, the gathering lines must be of large diameter, so that 
they do not offer too much resistance to movement of oil through them. The size to 
be used will, of course, depend upon the productivity of the wells. Appropriate 
diameters may be computed by the procedure discussed in Chap. X. Possibility of 
accumulations of paraffin or sediment on the inner walls of the pipe during service, 
thus restricting the free cross section available for oil movement, suggests the advis- 
ability of using pipe diameters somewhat larger than sizes indicated by computations. 
Main lines serving several wells may be 6 in. or more in diameter, whereas laterals 
connecting with the individual wells may be as large as 4 in. Where pump pressures 
are employed or small volumes of oil are to be handled, smaller lines may be used. 

Gathering lines should be buried in the earth or suitably insulated to minimize 
temperature variation. Experiments conducted by U. S. Bureau of Mines tech- 
nologists indicate that, in some localities, daily temperature changes of upwards of 
50°F. may occur in unprotected surface lines, whereas, in lines buried 4 ft. below the 
ground surface, the temperature variation may be as little as 1°. Seasonal variation 
in surface lines is as much as 100°F. in some localities, whereas lines buried 4 ft. in 
the earth have seasonal variations of only 20°. Gathering lines should be laid on as 
uniform a grade as possible, avoiding irregularities in slope that result in pressure loss 
and leave oil trapped in the line at low points and gas at high points. Where neces- 
sary, oil drains and gas ^ffileeders^' are installed to clear the lines of trapped fluids, 
which may prove troublesome after a line* has been shut in for a time. To facilitate 
cleaning, a tee with one opening plugged is used instead of an ell whenever a change in 
direction of the line is made. To avoid friction loss, sharp bends should be avoided in 
the gathering lines. Where lines are subjected to pressures below atmospheric, 
joints should be made secure against leakage. Expansion joints should be provided in 
large-diameter lines, and all pipe lines should be “snaked in the trenches in which 
they are buried, to permit of readjustments necessary in adapting for contraction 
and expansion resulting from temperature changes. Gathering lines should be 
protected against corrosion by applying a coat of heavy asphaltic paint, or surrounding 
with oil-saturated sand or wrapping with asphaltic-impregnated fabric. This is 
particularly important in marshy terrain or where the soil is strongly alkaline. Where 
pipe lines cross highways or roads used by heavy vehicles, they should be deeply 
buried to avoid crushing, bending or undue vibration, which might loosen joints and 
occasion leakage. 

Provision of adequate valve control and pressure regulation is an important con- 
sideration in the design of a gathering system. Valves must be placed to permit of 
prompt isolation of any portion of the system, when circumstances require, and there 
must be a valve on each lateral. Stopcocks are frequently used for this purpose. 
Master valves of gate type should be provided on the main lines to permit of flow 
control at convenient points, and the more important valves should be equipped with 
padlocks to prevent irresponsible persons from tampering with them. Check valves 
are inserted in the lines wherever necessary to prevent counterflow, as in the case of a 
lateral to a flow tank that is situated at a lower elevation than other tanks connected 
with the system. The gathering lines connect with a suitable manifold of pipes, 
valves and fittings that permit of directing the delivery of oil to any receiving tank in 
the storage system. 

Under circumstances where gravity cannot be employed to move oil through the 
gathering system, pumps must be provided. Reciprocating transfer pumps of duplex, 
double-acting type are commonly used for this purpose. They may be operated 
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She, in. 

Drive 

Capacity, f 
barrels per 
day 

Horsepower neces- 
sary with 500 lb. 
discharge pressure 

Boiler 

Motor 

m xzH X 10 

Steam 

1,272 

33 


10 X 4 X 10 

Steam 

1,680 

42 


10 X 4^ X 10 

Steam 

2,136 

53 


3M X 10 

Power 

3,120 


35 

4 X 10 

Power 

4,180 


47 

X 10 

Power 

5,380 


61 


* After F. B. Applegate in ‘^Petroleum Engineering Handbook,’’ Palmer Publi- 
cations, Los Angeles, Calif., 1931. 

t Oil not over 2,500 Saybolt universal viscosity. 


either by steam or electric power. If situated near a well that produces high-pressure 
gas, this may be used as a source of energy in operating a pump of the reciprocating 
type. The steam-driven or gas-engine-driven type of transfer pump pictured in 
Fig. 280 is frequently used, though motor-powered pumps using chain, gear or V-belt 
drives are more economical if electric power is available. Table XXIII gives com- 
mon sizes, power requirements and capacities of the reciprocating, double-acting type 


(Courtesy of Buda Gas Engine Cof) 

Fio. 280. — Battery of four gas-engine-powered oil-transfer pumps. 

of pump used for oil-transfer purposes. Motor-driven centrifugal pumps are satis- 
factory for oil-transfer purposes if the pressures imposed are reasonably constant, 
and they have the advantage that the lines are free of pulsations that are often 
characteristic of the reciprocating type of pump. The screw type of rotating pump, 

Table XXIIL — Common Sizes, Power RequiremEiNts and Capacities of Recipro- 
cating Double-acting Oil-transfer Poimps* 
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operated by a direct-connected electric motor, may be used if the oil does not contain 
sand in appreciable amounts. Piston or screw-type pumps should be equipped with 
a safety blowoff valve as a precaution against damage in case a valve in the pipe line 
is closed. To facilitate starting against high line resistance, a valve-controlled by-pass 
on the pump-discharge line should be provided, leading back to the pump suction line. 

The pump is started with the by-pass open and the valve gradually closed as the pump 
takes up its load. Chromium-plated pump liners are advantageous in reducing the 
scouring tendencies of sand, frequently present in the oil. 

An ordinary plunger pump, of the type used in lifting oil from wells, is sometimes 
used for oil-transfer purposes, operated perhaps by a back-side connection (see page 
322) with the pumping mechanism at a near-by well. The working barrel is mounted 
vertically and so placed that it may fill by gravity from the flow tank. A ^^jack,’’ 
suitably counterweighted to assist the downstroke, gives the pump plunger its recipro- 
cating motion. 

THE GAS-OATHERING SYSTEM 

Just as an oil-gathering system is necessary in accomplishing move- 
ment of oil from the flow tanks at the well to the shipping point, so, 
also, is a gas-gathering system necessary in transmitting gas from the 
gas traps near the wells, or the side outlets of the well casing heads, to ilj 

the natural-gasoline-extraction plant or compressor plant, where it is 
compressed for long-distance transmission or for reinjection into the 
wells. For this purpose, pipe lines of appropriate size are used, designed 
to accommodate the volume of gas to be moved at the desired pressure. 

Strategically situated intercommunicating gas mains extend to different 
portions of the field, and smaller diameter laterals connect these with 
individual wells. After compression and treatment for extraction of the 
contained gasoline vapor, the resulting ^Mry’^ gas is transmitted by a 
separate distributing system to the various gas-lift or injection wells 
or to gas engines or boiler plants where it is used for power development. 

In planning the layout of the gas-gathering and distributing system, 
it will be desirable to have at hand an accurate topographic map of the 
property, showing elevations, well locations, trap and tank settings, 
buildings, roads, power plants, compressor plants, gasoline-extraction 
plants and other surface deyelopment. Such a map will suggest routes 
that may conveniently be followed by the gas-gathering mains and by 
laterals connecting the mains with gas traps at the various wells. Econ- 
omy in first cost and operating cost requires that the gathering lines be 
as short as possible. Particularly is this true of the costly, large-diameter 
mains. An economic balance must be sought between the installation 
cost and operating cost of the gas-gathering system. Large diameter 
lines are more expensive in first cost but transmit gas with less pressure 
loss than less costly smaller lines and are therefore more satisfactory 
from an operating standpoint. The sizes of pipe that may be used will 
be dependent upon the pressure maintained in the oil and gas separators, 


530 


OIL FIELD EXPLOITATION 


the delivery pressure necessary and the permissible pressure loss. Pres- 
sures maintained in the separators must be no greater than efficient 
operation of the well requires, but as high a pressure as possible will be 
desirable in order to conserve gas energy and facilitate transmission of gas 
through pipe lines of minimum diameter. The higher the gas pres- 
sure, the smaller will be its volume and the smaller the pipe necessary 
for its transmission. 

The layout of the gas-gathering system may contemplate an arrange- 
ment of branched mains and laterals comparable with the trunk, limbs 
and branches of a tree, or the ^Toop^^ system may be used (see Fig. 279). 
In the latter, the main lines makes a circuit of the area in which the gas 
is gathered, laterals extending from this loop to each source of gas 
supply. Once in the main, the gas may flow in either of two directions 
to the delivery point, depending upon pressure conditions. The loop 
system is often more costly to install, because of the greater length of 
large-diameter pipe necessary, but is more flexible and efficient from an 
operating standpoint. Complete interruptions in service are seldom 
necessary. As there are two possible directions of flow to the delivery 
point, a part of the loop may be isolated for repairs or extensions without 
interfering with flow through the remainder of the system. With this 
in view, valves are placed at strategic points, permitting of isolation of 
different parts of the system when circumstances require. 

In determining the proper size of pipe to use in each part of the gas-gathering 
system, it will be necessary to estimate the volume of gas that it will be required to 
accom modate and the initial an d delivery pressures. Th is involves consideration of the 
productive capacities of the wells served, gas-oil ratios and trap operating pressures, 
not only at the outset of operations, but also during the future productive life of the 
property. In early life, gas volumes to be handled will be relatively large and pres- 
sures high, and the gathering system may be designed for these conditions. Reduced 
volume may offset declining pressure in later life and permit the same gathering system 
to meet transmission requirements with reasonable efficiency. This is not necessarily 
so, however, and circumstances may arise that will render inadequate a gathering 
system capable of satisfactorily meeting early requirements. That is, formation 
pressure may decline more rapidly than the rate of gas production. In such circum- 
stances, the original gathering lines must be supplemented by additional lines “looped” 
into the original system, or a booster plant must be provided to increase the gas 
pressure. 

Where stage trapping is practiced (see page 482), or where the gas produced by 
different wells varies markedly in pressure, it may be necessary or advisable to 
construct and operate two or more gas-gathering systems, each operating at a different 
pressure. For example, oOO lb. gas produced from high-pressure traps may be led, 
without compression, directly through a gasoline-absorption plant and into dry gas 
lines for transmission to a distant utility market. Gas of intermediate pressure, 
transmitted through a separate gathering system, may be passed through only the 
high-pressure stage of a compressor plant before entering the gasoline-recovery plant; 
whereas low-pressure gas and tank vapors, collected by a third gathering system, will 
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require two stages of compression before entering the gasoline-recovery plant. Low- 
pressure lines may be operated under vacuum, and often yield large amounts of natural 
gasoline. 

The necessary size of pipe line for transmission of a given volume of gas per unit 
of time under a prescribed pressure differential may be calculated by empirical 
formulas that yield approximate results (see page 677). Selection of an appropriate 
size of pipe for each part of the gathering system may be so determined. On proper- 
ties in flush production, where a large volume of gas must be transmitted through the 
gathering lines, mains are occasionally as large as 16 in., whereas laterals to individual 
wells may be as large as 6 in. High-pressure lines may be designed for a substantial 
pressure drop between the traps at the wells and the delivery point; but where traps 
are delivering gas at a pressure of 50 lb. or less, the gathering lines may have to be 
large enough to accomplish transmission with a pressure loss of but a few pounds. 



Fig. 281. — Pressure-regulating and control facilities suitable for a low-pressure gas well. 

1, well head; 2, furnace for heating gas to prevent freezing of pressure regulator; 3, gage showing 
pressure on high-pressure side of regulator; 4, pressure regulator; 5, gage showing pressure on low-pres- 
sure side of regulator; 6, safety blow-off valve. 

Where individual wells produce large amounts of gas and proper records of pro- 
duction are maintained, it will be necessary to provide a meter and pressure regulator 
on the lateral connection to each well. The orifice meter is the preferred type for this 
service, whereas the pressure regulator, placed dowmstream from the meter, may be 
of either the floating-diaphragm or spring-loaded type (see Figs. 281 and 282). The 
pressure regulator maintains a suitable back pressure on the gas trap and well and 
permits of more dependable operation of the meter than would otherwdse be possible. 
A relief valve is also provided between the pressure regulator and meter to protect the 
latter from excessive pressure in the event that the regulator should fail to operate. 
Gas released from the system, at such times, should be led into a stack, which carries 
it to a suitable elevation and. safe distance from tanks, wells and traps before turning 
it into the atmosphere. Differential relief valves are designed automatically to 
release gas to the atmosphere, whenever the difference in pressure between opposite 
sides of the meter exceeds a certain amount for which the device is adjusted^ * 
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As a result of reduction in temperature of natural gas, following expansion on 
emerging from the well-head or trap into the gathering lines, water vapor and hydro- 
carbon vapors are often condensed and, as liquids, tend to accumulate at low points in 
the lines. At times, these condensates may be present to such an extent as to interfere 
with the flow of gas, particularly in cold weather, when they may freeze and completely 
plug the line. To permit of drawing these condensed liquids from the gas-trans- 
mission lines, small traps, called drips, are provided. These are usually con- 
structed of short sections of large-diameter pipe, closed at each end, placed below the 
gas-transmission main and connected with the bottom and top of the line by smaller 
tubes (see Fig. 283). Condensates formed in the lines accumulate in these drips, 
from which they are occasionally drained by temporarily opening a valve. To 
prevent accumulated fluid in these traps from freezing in cold weather, they may be 


FROM controller 



{Courtesy of The Foxboro Co.) 

Fig. 282. — Arrangement of equipment for controlling volume and pressure of gas delivered 
by a well or gas-gathering system, 

heated by a small flame supplied with gas tapped from the transmission line. Steam- 
heated drips are preferable if exhaust steam is available. Larger traps, called “scrub- 
bers,^^ are usually placed near the delivery end of the line, at the compressor plant or 
natural-gasoline-recovery plant, to separate any condensed liquid, oil, emulsion or pipe 
scale or other sediment that may be blown through the transmission lines by the gas*. 
Scrubbers are cylindrical tanks of ^sufficient diameter so that gas may flow through 
them at a velocity materially lower than in the transmission line, thus permitting 
entrained liquids or solids to drop out of the stream of flowing gas and accumulate in 
the bottom. Occasionally, such accumulations will be blown out by opening a 
suitably placed discharge valve. 

Gas Compression 

Design of the gas-gathering system must be considered in its relation 
to the pressure conditions at the wells or traps, the pressure loss involved 
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in accomplishing transmission of the gas to the point of utilization and the 
desirable pressure at this point. Often it will be necessary to compress 
the gas, either to accomplish its transmission through the gathering and 
distributing lines, or to endow it with the necessary pressure for its 
efiSicient use. If the gas produced at the well-head or trap is too low in 
pressure to accomplish its transmission to the point of utilization in the 
field or to a compressor plant in the vicinity where it is compressed for 
long-distance transmission, it will be necessary to install a booster’^ 
plant in the field near the wells. The purpose of this is moderately to 
increase pressure to facilitate transmission through the gathering lines. 
A small increase in pressure, of the order of 10 lb. per square inch, is 



often sufficient, and, for such service, a large-capacity blower or 
‘Tan^^ of rotary type is well adapted. Differential pressure between the 
input and delivery ends of the gathering system may be increased by 
12 lb. or more by connecting at the delivery and with a high-duty vacuum 
pump. Compression of gas to high pressures for long-distance trans- 
mission requires use of reciprocating compressors and is usually accom- 
plished in two stages. The capacities of such compressors are influenced 
to an important degree by the pressure at which the gas is furnished to 
the intake valves of the low-pressure cylinder by the gas-gathering system. 

Vapor-recovery Systems 

Oil discharged from the gas traps tends to remain supersaturated 
with dissolved gas and may still contain considerable gas in solution. 
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Such gas, as well as low-boiling hydrocarbons often present in the oil 
as discharged from the traps, tends to escape from the oil and assume 
gaseous or vapor form after the oil enters the flow tanks or storage tanks. 
Turbulence of the oil during its transfer through the flow lines and 
gathering lines and agitation on discharge into the receiving tanks may 
release much of this dissolved gas and the vapor-forming constituents 
of the oil. Tendency of the oil to evaporate continues during the 
storage period, especially at times when temperatures are higher than 
normal, as in preheating to facilitate dehydration. Gas and vapors, 
so released from the oil, accumulate in the vapor spaces above the oil 
surface in storage tanks and, unless precautions are taken, escape to the 
atmosphere. Such vapors are rich in gasoline-forming constituents, 
and serious economic losses result from failure to reduce this wastage to 
a minimum. If losses of light fractions of the crude are appreciable, 
a recovery system providing a means of withdrawing vapors from the 
tanks as rapidly as they are formed, transferring them through a system 
of gathering lines operated under vacuum and condensing them in a 
suitable recovery plant, will be a profitable investment. Some vapor- 
recovery systems save enough gasoline to repay their cost in but a few 
weeks of operation. The equipment used may be quite simple, consisting 
of large-diameter, welded or soldered sheet-metal pipes connecting the 
vapor spaces under the tank roofs with the suction intake of a vacuum 
pump. Tank roofs must be made as secure as possible against leakage. 
The recovery plant may be a gasoline-absorption or compression plant of 
conventional type. After wells have reached the pumping stage, the 
gas traps previously employed may be removed, lead lines from tubing 
heads discharging directly into the flow tanks, thus depending upon the 
vapor-recovery system connecting with all the receiving tanks for 
conservation of gas and vapor. 

GAGING, SAMPLING AND TESTING CRUDE PETROLEUM 

In order to account for production of oil taken from properties held 
under lease, the oil producer finds it necessary regularly to determine 
and record the volume of oil shipped. It is necessary to make measure- 
ments of the volume of oil run from the producer’s tanks to pipe-line 
companies or other purchasers, in order that proper financial adjust- 
ments may be made between the buyer and seller. The quality of the 
oil, that is, its gravity and the amount of water and suspended solids 
present, is equally important, inasmuch as values are often based on 
density and payment may be made only for ^^net” oil or oil free from 
impurities. Furthermore, many pipe-line companies refuse to accept 
oil containing more than a certain allowable percentage of impurity — 
usually 2 or 3 per cent— and tests must be made on representative samples 
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of the oil to be sure that it meets pipe-line requirements. In addition 
to measurement of the gross oil production and shipments of a property, 
inventories of oil in storage, etc., it is desirable to have a means of deter- 
mining and recording the quantity and quality of the oil produced by each 
well. Such a record is of great assistance in studying performance of 
wells, estimating future yields, making studies of water incursion and 
distinguishing between the profitable and unprofitable wells of a group. 

Individual well-production records are required by law in some states 
and countries. The gaging and sampling of oil and making of necessary 
tests to determine quality of the product is usually entrusted to individuals 
called gagers,” who take measurements and samples in the field, per- 
form the necessary tests in the field laboratory and prepare reports and I 

records of production. On large properties, this work is perhaps divided I 

among several individuals, some of whom do the field work whereas i. 

others make the laboratory tests and maintain the records. It is impor- |i 

tant in gaging shipments of oil that reasonably accurate methods be ! 

employed, inasmuch as financial adjustments between producer and * I 

purchaser and between producer and lease owner will be directly depen- i 

dent upon the result. Small errors, seemingly unimportant in individual 
shipments, if cumulative may, over a period of months or years, aggregate i; 

large sums and lead to serious inequities. 

Gaging in Vertical-cylindrical Tanks i 

It is customary to determine crude-oil volumes by measurement in |: 

vertical-cylindrical tanks of known capacity. Tank tables prepared 1 ' 

for each tank in which gaging is practiced, by carefully strapping” or 
measuring the tank, show the capacity for any depth of fluid. There is 
often a layer of water, emulsion and solids (B.S. or bottom settlings) 
in the bottom of the tank, the volume of which must be deducted from 
any measurement of gross volume as indicated by the upper surface of 
the oil. In addition, there may be water or solid substances in suspension i 

in the oil, the amount of which can be determined only by sampling and 
analysis. The percentage of these impurities, known as the ^^cut,” 
is multiplied by the total apparent volume of oil to determine the amount | 

of a further deduction. The net result after these deductions from the i 

gross fluid content of the tank gives the volume of clean oil. A tern- f 

perature correction may be applied to this to determine the volume of S 

net oil at 60°F., the standard reference temperature. 

Preparation op Tank Tables 

In order to have a means of readily determining the volume corresponding to any 
depth of fluid in the tank, tables are prepared that give the capacity in barrels for each 

or }i m. of depth, depending upon the size of the tank and accuracy required. In 
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preparation for this, the tank must be carefully measured or '‘strapped/' The 
problem of preparing a tank table is complicated by the fact that tanks are seldom 
true cylinders. Furthermore, the tank foundations may have settled irregularly, so 
that the oil stands at slightly greater depth at some points than at others. Tanks 
should be filled and emptied several times before strapping, in order that the results 
of such deformations will be allowed for in the tank tables. Measurements of the 
outer circumference of the tank are made with a standardized steel tape, under suitable 
tension, at one or more levels.* From these outer circumferences and the known or 
measured thickness of the tank shell, the corresponding inside circumferences can be 
calculated. . This is conveniently accomplished with fair accuracy by deducting 
0.033 ft. for each thickness of the tank shell from the outer circumference 

expressed in feet. Unless known from manufacturer’s specifications, the shell thick- 
ness will have to be determined by careful calipering. To determine total capacity, 
depth measurements are made on the outside of the tank at several points, measuring 
— in the case of a riveted-steel tank — ^the vertical distance between the top of the 
upper angle-iron flange and the bottom of the lower angle-iron flange. If measured 
inside the tank, total depth is the vertical distance between the top of the upper 
angle-iron flange to the inside surface of the tank bottom. 

The following formulas are used in calculating tank volumes: 

X .0011804 = barrels per inch of depth. 

X .0001475 = barrels per 14, in. of depth. 

X .0002951 = barrels per 14 in. of depth. 

1)2 X .011650 = barrels per inch of depth. 

C and D in these formulas are the inner circumference and inner diameter of the tank, 
respectively, both expressed in feet. The barrel contains 42 U. S. gal. The total 
capacity of a tank may be determined by the following formula: 

m ^ 1 -x • 1 1 (inside diameter in feet)^ X (depth in feet) 

Total capacity m barrels = ^^ 5 367 ^ 

In the case of steel tanks, the volumes are calculated on the assumption that the 
tank is a true cylinder of the average circumference measured for the particular 
cross section during the “strapping” process. If there has been any noticeable 
variation in circumference at diifterent levels, the proper circumference to use at any 
particular cross section may be determined by interpolation between the measured 
circumferences. Wood-stave tanks, w’hich are often used for storage and gaging 
purposes in the mid-continental and Gulf Coast fields, are made somewhat larger at 
the bottom than at the top. In this case, the tank is in the form of a truncated cone, 
but for simplicity the K-in. volumes are calculated as horizontal segments of a cylinder 
having the average diameter of the conical segment. Corrugated-iron tanks offer 
some difliculty in determining average circumferences owing to the variations intro- 
duced by the crests and troughs of the corrugations. The average diameter can be 
approximated, however, from the depth of the corrugations, and since such tanks are 
usually of small size, the errors resulting from slight inaccuracies in measurement of 
average circumference are not great. 

In preparing the tank tables, volumes for each horizontal cross section are 
calculated, beginning at the bottom and determining cumulative volumes by succes- 

* The method to be followed in obtaining tank measurements will vary somewhat 
with the type and size of the tank. Detailed instructions for strapping tanks will be 
found in Am. Petroleum Inst. Code 25 entitled, “Measuring Sampling and Testing 
Crude'^ail.” 
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give additions of the J^-in. capacities.* This computation gives the total volume 
within the cylindrical shell from which must be deducted the volume of all roof 
supports and swing pipe connections to determine net storage capacity. Dead- 
wood^’ deductions are computed from carefully made measurements of all objects 
within the tank, their total displacement for each h^-in. interval determined and the 
amount deducted from the corresponding gross capacities. A 55,000-bbl. tank with 
wooden roof supports will generally have between 700 and 800 cu. ft. of deadwood to be 
deducted in this way from the gross volumes in determining net storage capacity. 

To facilitate depth measurements in a concrete reservoir or large concrete tank 
having sloping sides and bottom, a “gage plate” is usually set in the concrete bottom 
as near the lowest point in the reservoir as may be feasible. Such a plate is 2 or 3 ft. 
square and is carefully leveled. Directly above, in the reservoir roof, the gage hatch 
is located, and sometimes a perforated pipe is provided, extending from the gage plate 
to the hatch. This serves as a guide ‘for the plumb bob and tape. Tables are pre- 
pared showing the capacity of the reservoir for all elevations above the gage plate. 
Since it is not usually possible to place the gage plate at the lowest point in the reser- 
voir on account of the danger of accumulation of sediment, the sloping bottom and 
swing pit will contain considerable oil which may be below the gage plate, and there- 
fore unmeasurable. In order to determine the amount of storage capacity below the 
gage plate, careful measurements are made before the reservoir is placed in service. 
The elevation of various points well distributed over the bottom is determined with the 
aid of a level and rod, and a contour map is prepared, from which the capacity for each 
1-in. increment of depth is calculated. If the reser\mir is circular in form, the sloping 
sides above the gage plate may be treated as the frustrum of a cone in the calculations 
and circumferences averaged for each }^-in. interval. Elliptical or irregularly shaped 
reservoirs can best be dealt with by developing a complete contour map for the entire 
reservoir, the sides as well as the bottom, graphically determining areas within succes- 
sive contours with the aid of a planimeter. If the side slopes are fairly uniform, the 
contour interval may be 1 ft., intermediate horizontal cross sections at J^-in. intervals 
being computed by interpolation. 

The gage tables may be prepared in either of two ways. The customary method 
consists in giving volumes by increasing progressively upward above the bottom of the 
tank as a datum or level plane, marking zero volume. The volume indicated by the 
table for the top surface of the oil gives at once the gross volume of fluid in the tank. 
Some operators prefer the second type of table, which gives volumes increasing 
progressively below an established datum at the top of the tank. These are called 
“outage” tables. They really indicate the volume of air space above the oil. Such 
tables are generally used in connection with “shipping” tanks, which are used to 
measure the oil run from the tank into a purchaser’s pipe line. The oil run is always 
the volume obtained by the difference of two measurements, one at the beginning of 
the “run” and the other at the end. The fluid in the tank is seldom entirely drained. 
For such purposes, the outage table is more convenient, inasmuch as the necessary 
measurements of oil level can be made without the necessity of lowering a measuring 
device through the oil to the bottom of the tank. 

Depth Measttrements 

In determining the depth of fluid in a tank, it is customary to lower 
a heavy plumb bob on the end of a steel tape until it just touehes the 

* Cox, A. W., Calibration of Tanks, “The Science of Petroleum,” vol. I, pp. 711- 
716, Oxford University Press, New York, 1938. 
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bottom of the tank. A heavy bar of metal must bemused as a plumb bob 
when dealing with very viscous oils. If a light plumb bob is used, there 
may be some slack in the tape so that too great a depth of fluid is recorded. 
On being withdrawn, oil clings to the tape, leaving a mark from which the 
position of the oil surface may be determined. If a piece of the tape 
has been cut off corresponding to the length of the plumb bob, the lower 
end may be made zero and a direct reading of the depth of fluid obtained 

from the tape graduations. 
Tape'x"" I Depth measurements must be 

carefully made, especially when 
gaging oil in large tanks. In 
Zero Point ^ 55,000-bbL tank, an error of 
of Tape only in. in depth measure- 
\— Metal Pin ment means an error of 19 bbl. 

in gross measurement. In 
small-sized tanks, gage poles or 
rods are often used instead of 
tapes. These may be grad- 
uated in the same manner as 

! I I ^ 
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Fig. 284. — Illustrating 
method of making outage 
measurements. Oil depth — 
(A + 5) (5 + C). 


Fig. 285, — Steel 
tape and plumb bob 
for oil gaging. 



tapes, or they may have only the footmarks indicated on a rough scale, 
closer measurements being made with a tape or a short wooden scale 
graduated to read to eighths of an inch. 


Wlien making measurements of position of the oil surface for use with outage 
tables, a mark or knife-edge is established at the roof level of the gage hatch, from 
which all measurements are taken. The tape is lowered, with the heavy plumb bob 
attached, until a few inches of the plumb bob are immersed in the oil. A scale divided 
into inches and eighths is attached to or etched on the plumb bob, the scale reading 
downward from the zero point of the tape which is attached to the top of the plumb 
bob. With the plumb bob partially immersed below the oil surface, the tape is 
carefully lowered until the nearest foot mark is brought opposite the knife-edge or 
other reference mark. The tape is then withdrawn, and the reading on the plumb bob 
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scale noted and added to the footage indicated on the tape. The method is indicated 
in Figs. 284 and 285. An instrument known as a ‘^hook gage^’ has been devised to 
facilitate outage measurements (see Fig. 286). When looking down upon the oil 
surface, it is easy to note precisely when the point of the hook emerges from the oil 
surface. The zero point of the tape is on a level with the point of the hook, so that 
measurements with respect to the datum mark are read directly on the tape. 

Various types of floats have been devised that are placed within the tank and^' 
connected by a system of wires or chains passing over pulleys with a depth indicator 
operating between vertical guides against a scale placed on the outside of the vertical 
shell of the tank. Such devices can seldom be made sufficiently accurate for 3^-^-in. 
measurements, and the floats do not maintain a constant position with respect to the 
oil surface. 

Liquid-level indicating devices placed within the oil on the bottom of the tank and 
responsive to changes in pressure, which are registered on an external gage, are used 



Fig. 287. — Foxboro liquid-depth indicator. 


to a limited extent in indicating depths of liquid in fuel-oil tanks but are not sufficiently 
accurate and dependable for use in gaging crude petroleum in large tanks. A liquid- 
level gage manufactured by the Foxboro Co., Inc., of Foxboro, Mass., is of this type 
(see Fig. 287). In this instrument, there is provided a flexible rubber diaphragm, 
which separates the oil from an air chamber, connected by flexible tubing with an 
indicating gage. The rubber diaphragm is protected from contact with the oil by an 
intervening seal of liquid heavier than oil, which does not attack rubber. Pressure 
within the air chamber, as indicated by the exterior gage, is responsive to changes in 
depth of fluid in the tank. The density of the oil must be taken into account in con- 
verting observed pressures to equivalent depths of oil, but this may be done by a 
mechanical adjustment on the gage. Arrangements can be made so that a liquid- 
level indicating device qf this type will operate an electric bell or other alarm, and it 
may thus be useful in preventing overflow of tanks. 
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Water-finding Devices. — For determining the depth of the water 
layer underlying the oil in a storage tank, various devices known as 
water finders’^ have been developed. A strip of paper coated with a 
colored material that is soluble in water but not in oil may be attached 
to the plumb bar and lowered to bottom on the gaging tape. The precise 
position of the water surface will be indicated by a change in color of 
that portion of the strip subjected to contact with the water. ^^Gage-O/’ 
a red-colored paste available on the market, may be applied near the 
bottom of a gage rod or tape where the water-oil interface is expected to 
be recorded. When lowered to bottom, that portion of the paste coming 
into contact with water turns white.* Ordinary white chalk rubbed 
on a foot or two of the lower end of a gage pole will also, after the pole 
has been lowered to the bottom of a tank containing some water, indicate 
the depth of the water layer. Molasses on the gage rod has been effec- 
tively used in the same way. Ebony wmod is wetted by contact with 
water but not by oil. Hence, a scale made of this material and lowered 
to bottom will, on being withdrawn, indicate the depth of the water 
layer. It is seldom necessary to measure a water layer of any great 
depth in the bottom of an oil tank, as the tanks are usually equipped 
with bottom drains through which all but a few inches or less of the water 
will be drawm off before gaging. 

Oil Meters 

Efforts have been made to adapt various types of fluid meters to the 
measurement of crude petroleum.f Some meters that have found 
extensive use in gaging gasoline and other refined oil products have also 
been used to a limited extent in the gaging of crude petroleum. How- 
ever, metering of crude petroleum presents greater difficulties that, 
under adverse circumstances, may make the result less accurate than is 
possible by methods involving volume measurements in tanks. Presence 
of gas, emulsified water and suspended solids in crude production and 
resultant variations in physical properties of the oil are adverse conditions 
that tend to make metering difficult. The high viscosity of many crude 
petroleums and the variation of viscosity and density with changes in 
temperature are particularly troublesome factors. Nevertheless, use of 
oil meters in gaging crude production offers several advantages over the 
tank-gaging method and is finding increasing application. Although 
A.P.I. standards prescribe tank gaging w^here financial adjustments 
among crude producers, purchasers and royalty owners are involved, 

* “Gage-0” is manufactured by the Petroleum Specialty Co., Los Angeles, Calif. 

t Mooee, H., The Gaging and Measurement of Liquid Petroleum Products, 
“The Science of Petroleum,” voL I, pp. 678-687, Oxford University Press, New York, 
1938. 
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many producers find meters well adapted to the recording of production 
data for their own purposes. For example, the problem of gaging 
individual well productions is much simplified where meters are used, the 
meters giving direct readings of the number of barrels passing through 
laterals connecting with the gathering mains and saving the expense of 
installing and gaging flow tanks at each well. Only one tank is needed 
at each well in this case, instead of two, this being used only as a means of 
settling and draining off water and sediment. 

Gas should be eliminated from the oil, as far as possible, before meter- 
ing. To accomplish this, a small trap or gas eliminator, in addition to 
the regular trap at the well, is sometimes placed in the gathering line 
just ahead of the meter. The meter should be protected against exces- 
sive pressures by a safety valve, suitably placed in the upstream side 
of the gathering line. Some meters incorporate a sampling device 
designed systematically to sample all oil passing through. Meters 
must be occasionally checked to disclose inaccuracies that may arise 
through wear or faulty adjustment. For this purpose, gage tanks 
situated at favorable points in the gathering system may be provided; 
or a small portable gage tank may be moved about as required, on a 
motor truck or tractor, and connected through special fittings provided 
in each meter setting. 

A variety of different meters have been adapted for crude-oil measure- 
Inent, but they may all be classified into three groups: (1) the positive- 
displacement type, which records the volume of oil passing, exemplified 
by the Bassler, Brodie and Empire meters; (2) the velocity type, which 
also indicates volume, exemplified by the orifice and Venturi meters 
and (3) the gravimetric type, which records the weight of oil rather 
than the volume, exemplified by the Oil Weigh meter. Space permits 
of brief description of only a few representative types. 

The Bassler meter, illustrated in Fig. 288, utilizes a displacement piston A, which 
dispenses liquid from the measuring chamber and operates by the pressure of the 
liquid measured. The piston operates valves B and C, which admit and release oil 
to and from the measuring chamber. Pilot valve D, which serves to carry the main 
valves B and C past dead-center position, is actuated by spiral shaft E, which also 
serves to register through the counting mechanism (r the exact number of strokes in 
units of gallons, liters or barrels. Pilot-gear segments F connect the spiral shaft and 
pilot valve.,. 

The Black, Sivalls and Bryson meter, illustrated in Fig. 289, is designed to meter 
oil as it flows from the oil and gas separator. , It comprises a metering chamber, 
equipped with, an internal float and a special three-way metering valve. Oil flows 
into the metering chamber from the oil and gas separator until the float mechanism 
opens the three-way valve, thus permitting the oil to drain from the metering chamber 
to a flow tank or to the gathering system. , When the float is depressed to a critical 
point, the valve closes the outlet and the cycle is repeated. A control box records the 
number of displacements, from which record— if the volume of oil displaced with each 
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cycle is known — ^the volume of oil passing through the meter per unit of time may be 
computed. This meter is said to be accurate within 1 per cent. 

Orifice meters used for oil metering are a special adaptation of the type of orifice 
meter used so widely in gas measurement (see page 569). The only variation intro- 
duced is a water seal on each pressure connection, which prevents the oil from coming 
into contact with the delicate mechanism of the differential gage (see Fig. 290). 
Loss in pressure, after passing through an orifice plate in the pipe through which the 



Pig. 288 . — Exterior and sectional views of the Bassler oil meter. 


oil flows, is continuously measured and recorded on the chart of a differential gage. 
From the static and differential pressures so recorded, it is possible, with the aid of 
certain known constants pertaining to the meter and orifice plate, to compute the 
volume of oil passing. The orifice-plate constant varies over a wide range with 
changes in the density and viscosity of the oil. At the present time, the somewhat 
uncertain knowledge of these constants is one of the factors that prevents a wider use 
of orifice meters in the gaging of oils. 

The Oil Weigh Meter is particularly designed for measurement of crude petroleum, 
and since it measures the weight of the oil rather than its volume, it may be used under 
circumstances where oil carries gas entrained or in solution, a condition leading to 
considerable inaccuracy when meters of the volumetric type are used. This meter 
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incorporates a pair of triangular “buckets/^ mounted side by side on a pivoted, 
balanced frame, as indicated in Fig. 291. Oil discharges from lead line F into one 
bucket or the other, depending upon which is uppermost (right-hand bucket in Fig. 
291). When a certain weight of liquid is in the bucket, it swings about axis B, dis- 
charging the contents and bringing the other of the two buckets (left-hand bucket) 



Fig. 289. — Oil meter for automatically gaging crude petroleum at separator pressure. 

into position for filling. The operation is reversed when this bucket is filled. Oscil- 
lations of the bucket cradle are recorded on a register, not shown in the sketch. The 
small receptacle shown at jE/ is a sampling device which cuts through the lead-line 
flow each time a bucket discharges and conducts a sample of the oil to a sample jar. 
The sampler is adjustable, so that the time necessary to secure a quart sample may be 
varied over wide limits. If the recorded weight of the oil and its density are known, 
as determined by hydrometer tests on the samples gathered, the equivalent volunxe 
may be computed. 
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Temperature Corrections on Gaged Oil Volumes.— Inasmuch as the 
standard temperature at which oil is supposed to be gaged is 60°F. 


DifferenHai 

FInessi/pe Oat/^e 
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{Courtesy of Metric Metal Works.) 

Fig. 290. — Arrangements for metering oil flowing through a pipe line with the aid of an 

orifice meter. 

and the volume of a given quantity of oil varies with the change in temper- 
ature, a correction factor must be applied to the observed volume if the 

oil is gaged at any other temperature than 
60°F. The coefEcient of expansion of petro- 
leum varies with the character of the oil. For 
example, heavy California asphaltic-base crudes 
have an average coefScient of 0.00038, requir- 
ing a correction of about 1 per cent for each 
25° change in Fahrenheit temperature, whereas 
Pennsylvania paraffin-base oils have an average 
coefficient of about 0.0005, requiring a correc- 
tion of about 1 per cent for each 20°F. The 
correction is added if measurement is made at 
temperatures below 60°F. and subtracted if 
iCourtm of on nw. MaerCo.) temperature is above 60°. Volume-correc- 
Fig. 291.— Sketch iiius- tion tables prepared by the U.S. Bureau of 
^UetQT ^^eigh Standards* have been adopted as standard for 

this purpose by the American Petroleum In- 
stitute and the American Society for Testing Materials. 

^ See U. S. Bureau of Standards Supplement to Circ, 154, or A.S.T.M. Method 
D-206, or A.P.I. Standard No, 500. 
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Sampling Crude Petroleum 

Measurement of oil volume is only one of the two factors entering 
into the determination of value. Quality also must be determined, 
and for this purpose samples must be collected. Care must be taken 
to make certain that the samples collected are truly representative of 
the entire volume of oil sampled. Errors of considerable magnitude may 
be introduced as a result of careless or improper sampling. For example, 
in sampling the oil flowing from the lead line of a well, great variations 
in water content of the oil may be noted. Although mixed dipper 
samples taken at regular intervals over a suflflcient period of time may 
provide a fair average sample of the fluid produced by a well, better 
results are obtained by running the oil into a small gaging tank and sam- 
pling the oil after most of the water has settled out. Some of the water 
may be emulsified, however, or may be in such finely divided condition 
that it remains in suspension for a considerable period of time. Finely 
divided particles of clay or sand may also remain in suspension. There 
is a gradual settling of this water, emulsion and solid material toward the 
bottom of the tank, so that samples taken at various depths will show an 
increase in impurities toward the bottom, whereas samples gathered 
near the top will be comparatively free of water. Oil stored for a con- 
siderable time in large tanks or reservoirs will develop pronounced 
stratification, so that samples must be taken at several depths and the 
results averaged. Even the gravity of the oil may vary somewhat at 
different levels in oil that has stood for a considerable time. Evapora- 
tion losses introduce variations in the character of the oil that must be 
taken into account in determining the density of the oil, and they are 
often also of sufficient magnitude to produce distinct changes in measured 
volumes, within comparatively short periods of time (see page 617). 

Sampling Devices. — For gathering samples of oil from a tank, several 
types of oil ^tthieves/’ have been devised. These are lowered through 
the gage hatch in the roof of the tank, on a rod, chain, wire or light 
metallic cable, and are so designed that they may be manipulated to 
secure a sample of about a quart or pint of fluid from any desired depth 
below the oil surface. They are constructed of glass or non-spark- 
generating metal to avoid hazards incidental to grounding of static 
charges sometimes -present on the oil surface. 

A common type is the so-called ^'bottom-closure^- or trap thief, which comprises a 
reservoir 12 to 18 in. long, square or circular in cross section, supported in a vertical 
position by a bail at the upper end and attached to a supporting chain, wire or light 
cable in the hands of the operator. The upper end of the reservoir is always open to 
the fluid in the tank, but the lower end is equipped with a valve or trap mechanism, 
actuated by a spring that, when tripped by the operator, closes the lower end of the 
reservoir securely. Figures 292 and 293 illustrate thieves of this type. The valve or 
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trap can be set with the aid of a trigger against the tension of the spring, so that the 
lower end of the reservoir remains open. In this position, the device is lowered to the 
desired level below the surface of the oil where the sample is to be taken, the tank 
fluid passing freely through the reservoir as it is lowered. The trigger is then released, 
the trap or valve closes and the thief with its imprisoned sample of oil can be with- 
drawn upward to the surface of the oil and through the gage hatch of the tank. 

A less elaborate type of sampling device is the ‘‘bottle thief,’' two forms of which 
are illustrated in Fig. 294. Made of zinc or glass, supported on a wire, chain or light 
cable and suitably weighted so that it will sink to the bottom of the tank when filled 
with air, the bottle is equipped with a cork, which can be removed by the operator 
when the device has reached the depth at which the sample is to be taken. Air is 




{Courtesy of Am. Petroleum Inst.) 

Fig, 292. — Bottom-closure type of sampling thief. 

displaced by the tank fluid as the bottle fiills under the influence of the surrounding 
pressure. A “ running ’ ’ sample may be taken with the bottle thief without the use of a 
cork in the bottle. Lowered slowly and at uniform rate from the surface of the oil to 
the lowermost stratum to be sampled and then raised to the surface at the same rate, 
the bottle slowly fills as air is displaced, continually gathering fluid that, under 
favorable circumstances, may be a fairly representative sample of the entire contents 
of the tank. The bottle must be lowered and raised at a rate such that it will not be 
full on emerging from the oil surface. 

In tanks of moderate depth, a “core sampler” may be used. This consists of a 
brass tube or iron pipe, from H to 1 in. in diameter and of sufficient length to reach 
from a point above the gage hatch to the bottom of the tank. A cork is loosely fitted 
to the lower end and a wire attached to it in such a way as not to interfere with its use 
as a plug for the lower open end of the pipe. The other eifd of the wire is passed 
through the pipe and is held in the hands of the sampler (see Fig. 295). With the 
cork removed and suspended on the wire a few inches below the lower end of the pipe, 
the latter is lowered vertically through the tank fluid until bottom is reached. By 
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pulling upward on the wire connecting with the cork, the latter is drawn into the lower 
end of the pipe; a light blow struck with the pipe on the tank bottom drives the cork 
in securely, and the pipe full of oil, representing a complete vertical section of the 
fluid in the tank, may be withdrawn. Such a sample, when mixed in a suitable 



{Courtesy of Smith'Em&ry Co.) 


Fig. 293. — Smith-Emery thief for tank sampling of oils. At left, section view of thief ; 
at right, illustrating method of using thief in tank. When tripped, the plunger rises and 
draws oil through the bottom valve. 

container, should be a very satisfactory average sample, even though the tank con- 
tents have become stratified. 

In some cases, shipping tanks, from which oil is regularly gaged to a pipe-line 
company or other purchaser, are provided with permanent facilities for securing 
representative samples from different depths in the fluid within the tank. One 
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method, which is commonly used, provides three small pipe drains that penetrate 
the wall of the tank, one near the top of the shell, another immediately below, at the 
level of the bottom of the suction line that drains the fluid from the bottom of the 
tank, and a third halfway between, at the mid-point of the vertical wall of the tank 
shell. Tubes are connected with each of these outlets, leading to a convenient posi- 
tion on the wall of the tank, where ^‘pet cocks’^ or small control valves are provided, 
one for each outlet. By opening these valves, a sample may be drained from each 
of the three different levels in the tank. When these are mixed, a composite sample 
results that, under ordinary conditions, will be a fairly satisfactory sample of all of the 



.Cord 


Pia. 294. — Two types of bottle thieves 
used in oil sampling. 


{After A, IF. Ambrose, U. S. Bur. Mines.) 

Fig. 295.— 
Core sampler. 


luid in the tank. For greater accuracy, a larger number of taps may be used, and 
more than one set may be provided at different points around the circumference of 
the tank, each set sampling a different segment. 

Automatic sampling devices, employed for securing representative samples of 
ore pulps and other liquid products in ore dressing and metallurgical operations, have 
also been adapted to a limited extent in sampling crude petroleum. They may be 
applied either in flow-line sampling or in sampling oil in process of drainage from the 
suction line of a gage tank or shipping tank. Automatic samplers operate on either 
of two principles; (1) diverting the entire flow for a short time at regular intervals or 
(2) continuously diverting a small portion of the flowing stream. The latter method 
has been used more than the former. A common type of automatic sampler provides 
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a small slotted or perforated tube, arranged inside and concentric witb. the flow line, 
inserted through a tee or other appropriate fitting. The opening into the sampling 
tube is placed at a point above the mid-point of the flow- tube cross section at a 
location where turbulent flow conditions exist, and continuously withdraws a small 
portion of the passing fluid into a receptacle where the sample is stored. 

Sampling Methods. — A common method of tank sampling is the 
so-called ^Hhree-point system.^^ In this, samples are taken below the 
gage hatch, one near the top, one near the bottom and one at the mid- 
point of the merchantable oil. The three samples, thus secured, are 
mixed in equal proportions to form a composite sample representative 
of the entire tank. American Petroleum Institute Code 25 prescribes 
that, when a bottom-closure type of thief is used, the top sample must 
be taken with the upper end of the thief 4 in. below the top surface of the 
<il, whereas the bottom sample is taken with the bottom of the thief 
4 in. below the bottom of the outlet connection. If a bottle type of 
thief is used, the opening of the bottle should be 12 in. below the top 
surface of the oil in taking the top sample and level with the bottom of 
the outlet connection in taking the bottom sample. Mid-point samples 
are taken halfway between the top and bottom samples in each case. 
If a running bottle thief is used, the unstoppered bottle should be lowered 
at a uniform rate from the surface of the oil, until its opening is level 
with the bottom of the suction outlet, and then immediately raised at 
the same rate until free of the oil. The bottle should not be more than 
85 per cent filled. 

A core sample, which has for its objective the removal of a complete 
^^core^^ of the fluid in a tank, from top to bottom, is likely to be more 
accurate than a composite sample taken by the three-point method. 
However, sampling by this method is scarcely justified in practical, 
routine, everyday sampling of lease tanks. Owing to their necessarily 
great ^ length, pipe core samplers are clumsy to handle, and the sample 
secured is too large for convenient handling and must be resampled. A 
theoretically accurate ‘^coxe” sample may be secured by using a long 
bottom-closure thief (2 or 3 ft. long) and taking a succession of samples, 
one below another, to form a complete section of the fluid from top to 
bottom of the merchantable oil. These are mixed, and the composite 
sample is then resampled for test purposes. 

Factors Controlling Accuracy of Sampling. — Before a tank of crude 
petroleum is ready for shipment, it should be allowed to stand undis- 
turbed for a sufficient time to permit suspended impurities to settle 
toward the bottom of the tank. Water, elnulsion and suspended solids,, 
accumulating in this way, are customarily drained from the tank through 
one or more bottom drains provided for this purpose before any gaging 
or sampling is done. Large masses of water settle quickly to bottom. 
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but finely disseminated, emulsified water particles may tend to remain 
afloat in the oil for a long time. If free-settling water is present, a 
clear water layer forms in the bottom of the tank below the oil. This 
contains only such water as is capable of settling out during the time 
allowed for settling. In addition to this, there may be finely divided 
particles of emulsified water that do not settle so readily, and these will 
be found distributed through the oil mass. If sufficient time is allowed 
for settling, however, this emulsified water may be found concentrated 
toward the bottom of the oil, often in a well-defined stratum between the 
clear water in the bottom and the relatively water-free oil above. 

The extent to which impurities may be settled and drained from the 
merchantable oil, prior to gaging and sampling, will depend upon many 
factors, such as the time allowed for settling, the character of the oil and 
emulsified water and the temperature. More or less agitation of the 
contents of a tank will occur as long as it continues to receive production 
from the delivery line. After all incoming fluid has been shut off, the 
rate of settling of the impurities will depend upon the relative densities 
of the oil and impurities and the viscosity of the fluid which, in turn, will 
vary with the prevailing temperature. For a given oil, the smaller the 
globules of emulsified water and the smaller the average distance between 
them, the less rapidly will they settle. The rate of settling of an emul- 
sified water particle through oil in wffiich it is suspended possibly follows 
Stokes’s Law. However, this law probably does not apply when the 
water globules are so closely spaced that* the laws of hindered settling 
apply. Water globules sometimes do not settle readily because gas 
bubbles attach themselves to or are physically occluded between the 
water globules, tending to keep them afloat. Oil, supersaturated with 
dissolved gas, continues to release gas bubbles for some hours or perhaps 
days, the gas gradually escaping to the oil surface and to some extent 
disturbing settling tendencies. Convection currents, caused by variation 
in temperature of different portions of the tank, may also retard settling. 

A composite three-point sample of ‘Svet” oil is dependable only if the 
impurities in the oil are uniformly distributed, if they increase uniformly 
with depth or if the contents of the tank happen to be segregated into 
three strata, each occup3dng one-third of the total volume and each of 
uniform character throughout. If the oil contains considerable emul- 
sified water that has been permitted to stratify in the bottom of the tank, 
the three-point sample may be grossly inaccurate. The extent to which 
free water and settled emulsified water are drained from the tank before 
sampling will be an importanf factor in determining the accuracy of the 
sample. This will depend upon the '^personal equation” of the individ- 
ual having this responsibility. Some will drain until considerable 
emulsified water has been drawn from the tank; others will stop as soon 
as emulsion appears in the fluid drained. Owing to the ^'coning down'^ 
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or suction swirl of the oil immediately above the drain connection, it is 
difficult to fully drain the water from beneath the oil without losing 
some of the overlying oil or emulsion. In three-point sampling, the 
water content of the bottom sample will, of course, be lower when all 
or a part of the very ^Vet’^ bottom layer of fluid has been drained from 
the tank. 

Most lease tanks are equipped with but a single gage hatch, so that 
samples may be taken from only one position. If samples could be taken 
at other positions, they would probably show some differences in the 
percentage of impurity present. Most of the quick-settling sediment 
tends to accumulate in the quadrant of the tank into which the inlet 
line delivers its fluid. On the other hand, solid impurities in suspension 
in the fluid near the bottom of the tank will be more effectively drained 
in the vicinity of the suction connection through which the oil is with- 
drawn. Sediment may accumulate to a considerable depth on the bot- 
tom in some parts of the tank and is seldom uniformly distributed. 

Protection of Oil Samples. Oil Containers , — The samples gathered 
in the field must be carefully guarded against evaporation losses if they 
are to be transported elsewhere before gravity tests are made. Many 
gagers carry a set of oil hydrometers with them into the field and make 
gravity tests on the oil as soon as the samples are collected. This prac- 
tice avoids evaporation losses and resulting “errors in density measure- 
ment, but the samples must still be transported to the field laboratory for 
determining the percentage of water and suspended solids (the “cut^O- 
For the centrifuge test, 100 cc. of oil is sufficient but gagers usually 
bring in samples of pint or quart size for testing. Glass jars with wide 
necks and metal screw tops, such as are used for preserving fruits and 
vegetables, are well adapted to short-distance transportation. Such 
containers leak, however, unless protected by rubber washers, which 
are soon attacked by the oil. They are therefore not well adapted to the 
shipping of samples by freight or express. A better type of container for 
shipping oil samples is a small can with tight-fitting screw cap, which can 
be tightened securely to prevent leakage. Care should be taken in filling 
sample containers to leave an air space into which the oil may expand if 
subjected to higher temperatures during transit. It is important that 
each sample be numbered or labeled appropriately, preferably with 
securely attached shipping tags marked with hard pencil, the indenta- 
tions of which will still be legible after the tag becomes oil stained. Gum- 
med labels are apt to become detached if saturated with oil. 

Field Tests Applied to Ciujde Petroleum 

The routine tests ordinarily applied to crude petroleum are confined 
to simple hydrometer tests to determine density and centrifuge tests 
to deteripino the percentage of water and suspended solids (the /'cut”). 
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Occasionally, distillation tests, viscosity, flash point, calorific value and 
other tests will be applied for special purposes, but the producer’s simple 
test laboratory is seldom equipped for these. 

Gravity tests are usually made with a hydrometer, suitably weighted 
and designed for use in oils of approximately the density of the oil to be 
tested. They are equipped with a scale, reading to tenths of a degree 
in a variation of the Baume scale for liquids lighter than water, that has 
been adopted as a standard by the American Petroleum Institute.* 
Because of its adoption by the Institute, this scale is known as the 
^‘A.P.I. scale,” and observations are reported in ^Megrees A.P.I.’’ 
Table XXIV, reproduced from A.P.I. Code 25, shows the equivalent 
specific gravity, pounds per gallon and gallons per pound for each degree 
A.P.L from 0 to 100° 


Hydrometers preferred for oil-field use are obtainable in two sizes, one about 8 in. 
long, requiring an oil sample of only a few ounces for a test, and the other 12 or 15 in. 
long, to be used in about 16 oz. of oil. The larger size permits of more accurate 
readings and is generally preferred for field use (see Fig. 296). American Petroleum 
Institute standards provide that the scales used on hydrometers, for gaging purposes, 
shall he so constructed as to display intervals of 0.1° with a spacing on the scale of not 
less than 1 mm. To accomplish this, each hydrometer is customarily designed for 
readings over a range of 12° A.P.I. — f.e., 9-21°, 19-31°, '29-41°, etc. Hydrometers 
equipped with scales reading directly in specific gravity are also available for use with 
oils. Though preferred for some purposes, they are seldom used in the American 
petroleum industry. However, in other countries than the United States, the specific- 
gravity scale is commonly used. 

A special type of hydrometer called a ^Hherino hydrometer” has a small ther- 
mometer built into the lower portion and is convenient for field use in that it affords 
a means of determining the existing gravity and temperature of the oil simultaneously 
with one instrument (see Fig. 297). However, the thermometers in such instruments 
have certain inherent defects of design that, according to A.P.I. standards, render 
them unfit for use when results of unquestioned accuracy are desired. Most gagers 
jjrefer to determine the temperature of the oil, immediately after making the gravity 
test, with a separate thermometer. For this purpose, a total-immersion thermometer 
about 16 in. long, graduated to read to 3 ^°F., may be appropriately used. 

The standard temperature for gravity measurements of petroleum is 60°F., and 
if measiireinents are taken at any other temperature, suitable corrections in the 
observed readings must be made. The correction to be applied varies with the 
gravity of the oil and the temperature. No definite relation exists between these 
variables as far as known, but tables have been prepared by the U. S. Bureau of 
Standards,! giving the corrections to be applied over a wide range of densities and 


* The relation existing bet'ween the A.P.I. scale and specific gravity, is expressed 
by the equation : 


Deg. A.P.L at ()0°F. 


141.5; 


Specific gravity at 60°F. relative to water at 60°F. 
t XL S. Bur. Standards Ufrc. 154, “National Standard Petroleum Oil 


131.5 



GATHERING, LOCAL STORAGE AND SHIPPING 


563 


Table XXIV.— Showing SpBcmc Gravity, Pounds per Gallon and Gallons 
PER Pound Corresponding to Each A.P.I. Degree prom 0 to 100° 


Degrees 

A.P.I. 

Specific 
gravity at 
60V00°F. 

Pounds per 
gallon at 
60°F.^' 

Gallons per 
pound at 
60°F.* 

Degrees 

A.P.I. 

Specific 
gravity at 
60V60°F. 

Pounds per 
gallon at 
60°F.* 

Gallons per 
pound at 
60®F.* 

0 

1.0760 

8.962 

.1116 

50 

.7796 

6.490 

.1541 

1 

i 1.0679 

8.895 

.1124 

51 

.7753 

6.455 

.1549 

2 

1 1.0599 

8.828 ■ 

.1133 

52 

.7711 

6.420 ‘ 

.1558 

3 

' 1.0520 

8.762 

.1141 

53 

.7669 

6.385 

.1566 

4 

1.0443 

8.698 

.1150 

54 

.7628 

6.350 

.1575 

5 

1 . 0366 

8.634 

.1158 

55 

.7587 

6.316 

. 1583 

6 

• 1.0291 

8.571 

.1167 

56 

.7547 

6.283 

.1592 

7 

1.0217 

8.509 

.1175 

57 

.7507 

6.249 

.1600 

8 

1.0143 

8.448 

.1184 

58 

.7467 

6.216 

,1609 

9 

1.0071 

8.388 

.1192 

59 

.7428 

6.184 

.1617 

10 

1.0000 

8.328 

.1201 

60 

.7389 

6.151 

.1626 

11 

.9930 

8.270 

.1209 

61 

.7351 

6.119 

.1634 

12 

,9861 j 

8.212 

.1218 

62 

.7313 

6.087 

.1643 

13 

.9792 1 

8.155 

. 1226 

63 

.7275 

6.056 

.1651 

14 

.9725 ' 

8.099 

.1235 

64 

.7238 

6.025 

.1660 

15 

.9659 

8.044 i 

.1243 

65 

.7201 

5.994 

.1668 

16 

.9593 

7.989 

.1252 

66 

.7165 

5.964 

.1677 

17 

.9529 

7.935 

.1260 

67 

.7128 

5.934 

.1685 

18 

.9465 

7.882 

.1269 

68 

.7093 

5.904 

.1694 

19 

.9402 

7.830 

.1277 

69 

.7057 

5,874 

. 1702 

20 

.9340 

7.778 

.1286 

70 

.7022 

5.845 

.1711 

21 

.9279 

7.727 

.1294 

71 

.6988 

5.817 

.1719 

22 

.9218 

7.676 

.1303 

72 

.6953 

5.788 

.1728 

23 

.9159 

7.627 

.1311 

73 

.6919 

5.759 

.1736 

24 

.9100 

7.578 

.1320 

74 

.6886 

5.731 

.1745 

25 

.9042 

7.529 

.1328 

75 

.6852 

5.703 

.1753 

26 

.8984 

7.481 

.1337 

76 

.6819 

5.676 

.1762 

27 

.8927 

7.434 

.1345 

77 

.6787 

5.649 

.1770 

28 

.8871 

7.387 

. 1354 

78 

.6754 

5.622 

.1779 

29 

.8816 

7.341 

.1362 

79 

.6722 

5.595 

.1787 

30 

.8762 

7.296 

.1371 

80 

.6690 

5.568 

.1796 

31 

.8708 

7.251 

.1379 

81 

.6659 

5.542 

. 1804 

32 

.8654 

7.206 

,1388 

82 

.6628 

5.516 

.1813 

33 

.8602 

7.163 

.1396 

83 

.6597 

5.491 

.1821 

34 

.8550 

7.119 

.1405 

- 84 I 

.6566 

5.465 

.1830 

35 

.8498 

7.076 

.1413 

85 

.6536 

5.440 

.1838 

36 

.8448 

7.034 

.1422 

86 

.6506 

5.415 

.1847 

37 

.8398 

6.993 

.1430 

87 

.6476 

5.390 

.1855 

38 

.8348 

6.951 

.1439 

88 ! 

.6446 

5.365 

.1864 

39 

.8299 

6.910 

.1447 

89 

.6417 

5.341 

.1872 

40 , 

.8251 

6.870 

.1456 

90 

.6388 

5.316 

.1881 

41 1 

.8203 

6.830 

.1464 

91 

.6360 

5.293 

.1889 

42 

.8155 

6.790 

.1473 

92 

,6331 

5.269 

.1898 

■ 43 ■' 

.8109 

6.752 

.1481 

93 

.6303 

5.246 

.1906 

44 1 

.8063 

6.713 

. 1490 

94 

.6275 

5.222 

.1915 

45 

.8017 

6.675 

.1498 

95 

.6247 

5.199 

.1924 

46 

.7972 

6.637 ^ 

.1507 

96 

.6220 

5.176 

. 1932 

, 47 

.7927 

6.600 

.1515 

97 

.6193 

5.154 

1 .1940 

48 

,7883 

6.563 

.1524 

98 

.6166 

5.131 

. 1949 

49 

.7839 

6.526 

.1532 

99 

.6139 

5.109 

. 1957 





100 

.6112 

5.086 

.1966 


’^The data in this column are based upon apparent weights in air, the weight of 1 gal. of water at 
60°F. in air being assumed to be 8.32828 lb. Consequently, a correction for the buoyancy of air is 
required in computing these figures from the specific gravities in the second column. 

Note: The above table, reprinted from A.P.I. Code 25, is an abridgment of Table 5 of F. S. Bur. 
Standards, Circ. 154. 

temperatures. Table XXV is an abridged tabulation of values from the U. S. Bureau 
of Standard tables. Bor oils having an A.F.I. gravity of about 18°, the correction is 
approximately 1° for each 20° change in Fahrenheit temperature. For 25° A.P.I. 
oil, it approximates 1° A.P.I. for each 18°F. The correction must be added to the 
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observed gravity if the temperature is below 60°F. and subtracted when temperatures 
exceed 60 °F. 

In making gravity observations with the aid of a hydrometer, a selected sample of 
the oil is poured into a vertical cylinder or hydrometer jar of metal or clear glass — ^prefer- 



(Couriesy of 
American In-- 
strument Co.) 

Fig. 296. 
— Hydrom- 
eter for de- 
termining 
A.P.I. grav- 
ity of petro- 
leum. 


ably the latter — closed at bottom and open at top. The height of the 
cylinder is such that it may contain a column of the sample oil suffi- 
cient to float the hydrometer and leave at least 1 in. of fluid between the 
bottom of the cylinder and the lower end of the hydrometer. It must 
be at least 1 in. greater in inside diameter than the outside diameter 
of the hydrometer to be used in it. The sample of oil to be tested 
is poured into a clean cylinder with a minimum of splashing or 


agitation, w^hich would promote evaporation and 
formation of air bubbles. If air bubbles form on the oil 
surface, they are removed by touching them with clean 
blotting paper. If the sample is highly volatile, the 
hydrometer jar should be cooled, before use, to a temper- 
ature below that of the sample. The cylinder containing 
the sample is placed in a vertical position in a place where 
it will be free from air currents. The hydrometer is 
carefully lowered into the sample to a depth slightly 
below that at which it will float and then released. 
When the hydrometer has reached an equilibrium posi- 
tion and is floating freely away from the walls of the 
cylinder, the gravity is read with reference to the scale 
in the stem of the hydrometer projecting through the oil 
surface, at the point where the oil surface apparently 
cuts the hydrometer scale. If the oil is transparent and 
a glass hydrometer jar is used, the reading should be 
taken by observing the scale with the eye level with the 
surface of the liquid. Menisci of oil form against the 
glass stem of the hydrometer and the glass walls of 
the hydrometer jar, so that with dark, opaque oils the 
apparent position of the oil against the hydrometer stem 
will be slightly higher than the true position of the oil 
surface in the cylinder. For accuracy, an appropriate 
meniscus correction should be subtracted from the 
observed reading in such cases. The amount of this 
correction varies for different oils, but may be approxi- 
mated by making observations on a transparent oil 
having about the same surface tension as that of the 
test sample. If facilities are not at hand for this, an 
arbitrary deduction of O.PA.P.I. from the apparent 
gravity is appropriate. After observing and recording 
the gravity of the sample, the hydrometer is removed 
and, if a thermohydrometer has been employed, the 



Fig. 297. 
— Types of 
thermohy- 
drometers. 


temperature is observed and recorded. If a plain hydrometer (without built-in 
thermometer) has been used, a thermometer is inserted in the sample and left for 
a sufficient time to reach equilibrium, care being taken, meanwhile, to avoid condi- 
tions that might lead to change in temperature. In referee tests, the temperature of 
the sample is taken both before and after making the hydrometer test. 


Factors ControUing Accuracy of Hydrometer Tests of Wet Oils.— The 
larger size of hydrometer is capable of determining the gravity of water- 
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Table XXV. — Temperatuee Corrections to Readings op A.P.I. Hydrometers 
FOR American Petrolbum Oils at Various Temperatures* 

(Standard at 60°F.; modulus 141.5) 



1 Observed degrees A.P.I. 

Observed tem- 
perature, °F. 

20.0 

30.0 

40.0 

50.0 

60.0 

70.0 

80.0 

90.0 


Add to observed degrees A.P.I. 

30 

1.7 

2.0 

2.4 

3.0 

3.7 

4.3 

5.0 

5.7 

32 

1.6 

1.9 

2.3 

2.8 

3.4 

4.0 

4.7 

5.3 

34 

1.5 

1.8 

2.1 

2.6 

3.1 

3.7 

4.3 

4.9 

36 

1.4 

1.6 

2.0 

2.4 

2.9 

3.4 

4.0 

4.6 

38 

1.3 

1.5 

1.8 

2.2 

2.6 

3.1 

3.6 

4.2 

40 

1.2 

1.4 

1.6 

2.0 

2.4 

2.8 

3.2 

3.8 

42 

1.1 

1.2 

1.5 

1.8 

2.2 

2.5 

2.9 

3.4 

44 

.9 

1.1 

1.3 

1.6 

2.0 

2.2 

2.6 

3.0 

46 

.8 

.9 

1.1 

1.4 

1.7 

1.9 

2.3 

2.7 

48 

.7 

.8 

.9 

1.2 

1.4 

1.6 

2.0 

1 2.3 

50 

.6 

.7 

.8 

1.0 

1.2 

1.4 

1.6 

1 1.9 

52 

.5 

.6 

.7 

.8 

1.0 

1.1 

1.3 

i 1.5 

54 

.3 

.4 

.5 

.6 

.8 

.9 

1.0 

1.1 

56 

.2 

.3 

.3 

.4 

.5 

.6 

.6 

.7 

58 

.1 

.1 

1 .1 

.2 

.3 

.3 

.3 

i .4 


Subtract from observed degrees A.P.I. 

60 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

62 

.1 

.1 

.1 

.2 

.2 i 

.3 

.3 

.4 

64 

.2 

.3 

.3 

.4 

.4 1 

.6 

.6 

.7 

66 

.3 

.4 

.5 

.6 

.7 

.8 

.9 

1.0 

68 

.5 

.6 

.6 

.7 

.9 1 

1.1 

1.3 

1.4 

70 

.6 

.7 

.8 

.9 

1.1 

1.4 

1.6 

1.7 

72 

.7 

.8 

.9 

1.1 

1.3 

1.6 

1.9 

2.1 

74 

.8 

.9 

1.1 

1.3 

1.6 

1.8 

2.2 

2.5 

76 

.9 

1.1 

1.3 

1.5 

1.8 

2.1 

2.5 

2.8 

78 i 

1.0 

1.2 

1.4 

1.7 

2.0 

2.4 

2.8 i 

3.1 

80 ! 

1.1 

1.3 

1.5 

1.8 

2.2 

2.6 

3.1 

3.5 

82 : 

1.2 

1.4 

1.7 

2.0 

2.5 

2.9 

3.4 

3.9 

84 

1.3 

1.5 

1.8 

2.2 

2.7 

3.2 

3.7 

4.3 

86 

1.4 

1.7 

2.0 

2.4 

2.9 

3.4 

4.0 

4.6 

88 ^ 

1.6 

1.8 

2.1 

2.6 

3.1 

3.7 

4.2 

4.9 

90 i 

1.7 

2.0 

2.3 

2.7 

3.3 

3.9 

4.5 

5.2 

92 

1.8 

2.1 

2.4 

2.9 

3.5 

4.2 

4.8 

5.6 

94 ! 

1.9 

2.2 

2.6 

3.1 

3.8 

4.4 

5.1 

5.9 

96 

2.0 

2.3 

2.7 

3.3 

4.0 

4.6 

5.4 

6.3 

98 

2.1 

2.4 

2.9 

3.4 

4.2 

4.9 

5.7 

6.6 

100 

2.2 

2.6 

3.0 

3.6 

4.4 

5.1 

6.0 

6.9 

102 1 

2.3 

2.7 

3.2 

3.8 

4.6 

5.4 

6.3 

7.2 

104 I 

2.4 

2.9 ! 

3.3 

4.0 

4.8 

5.7 

6.6 

7.5 

106 1 

2.5 

3.0 

3.5 

4.2 

5.0 

5.9 

6.9 

7.9 

108 

2.7 

3.1 

3.6 

4.3 

5.2 

6.2 

7.2 

8.2 

110 

2.8 

3.2 

3.7 

4.4 

5.4 

6.4 

7.5 

8.5 

112 

2.9 

3.3 

3.9 

4.6 

5.6 

6.7 

7.7 

8.8 

114 

3.0 

3.4 

4.0 

4.7 

5.8 

64 > 

7.9 

9.1 

116 

3.1 

3.6 

4.1 

4.9 

6.0 

7.1 

8.2 

9.4 

118 

3.2 

3.7 

4.3 

5.1 

6.2 

7.3 

8.5 

9.8 

120 

3.3 

3.8 

4.4 

5.3 

6.4 

7.5 

8.8 

10.1 


* Condensed from data in U. S. Bur. Standards. Tech. Paper 77 


li 


556 


OIL FIELD EXPLOITATION 


free oil with a high degree of accuracy unless gas is present in the sample; 
but when applied to mixtures of oil and water, its accuracy may, under 
certain conditions, be somewhat diminished. If free or emulsified water 
settles rapidly from the mixture, it is possible that the fluid in the lower 
part of the hydrometer Jar will be of greater density than that near the top. 
Inasmuch as the larger part of the volume of the hydrometer is near 
its lower end, the density of the fluid displaced in this vicinity will have 
an influence in determining the apparent gravity. Gas bubbles, often 
present in emulsion, may attach themselves to the hydrometer and tend 
to keep the instrument from sinking to its proper position. On the other 
hand, water drops, attaching themselves to the glass surface of the 
hydrometer, may make it sink too deeply into the sample. The viscosity 
of crude petroleum and emulsion is sometimes so great that the hydrom- 
eter is very slow in reaching an equilibrium position and the final reading 
may be uncertain within a few tenths of a degree. 

Determining Dry Gravity of Oil from Gravity Tests on Wet Oils. — ‘ 
The gravity observed in testing a wmter-oil mixture, of course, is lower 
than that of the dry gravity of the oil component, by an amount that 
will depend upon the percentage of water present. If the density of the 
mixture and the percentage of water and its density have been accurately 
determined, it is possible to compute the dry gravity of the oil component. 
The density of the water phase is usually slightly increased above the 
value for pure water by the presence of dissolved salts. Allowance for 
this makes for an increased value for the dry gravity of the oil in the 
preceding computation. Correction charts have been prepared that 
permit of making conversions directly from observed wet gravities to 
corresponding dry gravities for a wide range of water percentage (see 
Fig. 298). Charts of this character are dependable only if the observed 
wet gravities and ^^cuts^' are accurate. Slight errors in the test results 
may lead to serious inaccuracies in estimated dry gravities, particularly 
if the water percentage is large. 

A laboratory technic for determining the dry gravity of the oil present 
in petroleum-water mixtures involves use of chemical dehydrating agents. 
Some of the w^et oil is placed in a centrifuge burette, a cubic centimeter 
or so of an appropriate Tretolite compound is added and the tube is 
corked and warmed in a water bath, thoroughly shaken and then cen- 
trifuged. A fairly clean separation. of the oil and water may thus be 
obtained, after which the dry oil in the upper part of the tube is siphoned 
off into a small hydrometer Jar and tested with a small hydrometer. 

Other Devices Used in Determining Oil Density.— Other some- 
what more accurate instruments that are occasionally used for density 
determinations when laboratory facilities are available are the Westphal, 
or specific-gravity balance and the specific-gravity bottle (see Fig. 299). 
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CHART FOR OBTAINING GRAVITY OF DRY CRUDE 
FROM GRAVITY OF EMULSIFIED CRUDE 


To use this chart, find the intersection of the vertical line representing the "% Water 
in Emulsified Crude", and the horizontol line representing the gravity of the emul- 



Example: A Certain wet crude that contains 48.0^ 
water, has a wet gravity of 18.0® API. The specific 
gravity of the water is 1.020. To find the dry gravity lay 
a rgle on the intersection of 48.0^ water with 18.0® API, 
and the specific gravity of the water 1.020. The rule 
cuts the gravity of oil scale at 29.4® API, which is the 
gravity of the dry crude oil. 


Copyright 1933 By 

PETROLEUM RECTIFYING COMPANY OF CALIFORNIA 

Los Angelo*, Colifornlo Houston, Texoi 

Juno, 1933 


(Courtesy of Petrdeum Rectifying Company of California.) 

Fig. 298. — Gravity-correction chart. 
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The former determines specific gravity by measuring the buoyant effect 
of the oil under test on a glass plummet of standard proportions that is 
immersed to a standard depth. The buoyancy is measured directly 
y accurately^ proportioned weights and riders, which can be placed 
at various^ divisions of a scale along the beam on the end of which the 
plummet is suspended. Direct readings to three figures beyond the 
decimal point are possible vdth this iastrument, but it is not well adapted 
to the more viscous oils. The specific-graidty bottle offers a means of 
determining specific gravity by direct comparison of the weight of 
a standard volume of the oil in comparison with the weight of the same 
volume of water. It is a simple and accurate method, which is adapted 
to all grades of petroleum, but is somewhat slower than the other methods 





Hydrometer and - »j|pecifle- Westphal or specific-gravity 

Fig. 299.— Apparatus used in determining density of petroleum. 

and requires the use of a chemical balance. Temperature corrections 
must, of course, be applied as in the case of the hydrometer readings 
when either the specific-gravity balance or bottle is used. The correc- 
degSes aTl'’ expressed in specific gravity units instead of 

Determination of Percentage of Water and Suspended Solids 
IN Crude Petroleum 

The “cut” or gross percentage of water and suspended solids in a 
sanaple of oil m generally determined by centrifuging a measured volume 
of the oil mixed mth a suitable diluent, in a graduated burette The 
watei and sohds, being heavier than the oil, are separated into distinct 
layers in the bottom of the burette by the selective action of centrifugal 

^ 8r.duati„„. 



GATHERING, LOCAL STORAGE AND SHIPPING 


559 


Centrifuge Metliod. — Centrifuges employed iov this purpose may be hand or power 
driven, but the latter type is superior because of its more uniform operation. An 
electrically driven type, such as that illustrated in Fig. 300, is preferable. The 
machine illustrated provides a diameter of swing (tip to tip of the whirling tubes) of 
16 in. and is capable of whirling four 100-ml. centrifuge burettes filled with water at a 
speed of upwards of 1,500 r.p.m. The speed is adjustable within limits, by the 
rheostat control. The centrifuge may have a larger or smaller swing, but specifi- 
cations* provide that, in this event, the speed must be adjusted in accordance with the 

following formula : 

R.p.in. = l,500yj^- 

In this formula, d is the diameter of swing of the centrifuge. 



Fig. 300. — Motor-driven centrifuge of type used for determining percentage of water 
and sediment in crude petroleum. The International centrifuge pictured swings four 
100-ml. tubes at rate of 1500 r.p.m. 

Glass centrifuge burettes may be either cone or pear shaped and are usually 
graduated as indicated in Fig. 301. The cone-shaped burette is generally preferred. 
For use with oil containing a high percentage of water, burettes are available that are 
graduated to read to 1 ml. in the interval 10 to 100 ml. The capacity of these is about 
125 ml., and they are so shaped at the upper end that they may be closed with a cork. 
Burettes commercially available are reasonably accurate in their graduations on the 
lower conical portion, but are sometimes in error by as much as 1 ml. toward the 
upper portion of the scale. For accurate work, they should be carefully calibrated. 

In preparing for a centrifuge test, it is first necessary to agitate the field sample 
thoroughly in its container, so that test portions may be poured from the container 
that will be properly representative. The “personal equation’’ of the analyst enters 
here; some will not shake the sample as vigorously or as long as is necessary to secure 
a uniform distribution of the impurities throughout the sample. If the sample 
contains a considerable percentage of quick-settling water, it will be difficult to pour 

* American Society for Testing Materials, Standard Test Method D-96; adopted 
also by American Petroleum Institute, Standard 520. 
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a thorougM^^f^presentative sample. The larger water droplets tend to settle out 
somewhat, as the sample is being poured. 

Two tests of each sample are made simultaneously, a separate tube and separate 
portion of the sample being used for each. Exactly 50 ml of a suitable diluent is 
first measured into each tube and 50 ml. of the sample then added. The centrifuge 
tubes, each containing exactly 100 ml. of liquid, are then tightly stoppered and shaken 
vigorously until the contents are thoroughly mixed. They are then immersed in a 
water batn up to the 100~ml. mark, in a vertical position, and maintained at a tem- 
perature of 120°E. for 10 min. The two tubes are then placed in tube holders on 
opposite sides of the centrifuge head and whirled at a rate of 1,400 or 1,500 r.p.m., or 
the equivalent (depending on diameter of arc of whirling tubes), for 10 min. Rotation 




(a) Pear-Shaped Tube. 

Fig. 301. —Types of centrifuge burettes approved by the American Petroleum Institute 
for determining per cent of water in. petroleum by the centrifuge method. 


is then stopped and the contents of the centrifuge tubes examined. If water and 
sediment are present in the oil sample, the impurities will be found nicely stratified 
in the bottoms of the tubes. The solid impurities will be in the lowest portion of the 
burette. Above will be a layer of clear water and above this the mixed oil and 
diluent. At times, some of the more refractory emulsion in the oil will not be com- 
pletely resolved and will appear as a separate layer between the water and the clean 
oil and diluent mixture. Reference to the graduations on the tube will permit of 
i-eading, directly, the total amount of impurity; or, if desired, the amounts of the 
different impurities (sediment, water and emulsion) may be separately estimated. 
After recording the total number of milliliters of impurity in each burette, the burettes 
are replaced in the centrifuge and whirled for an additional 10 min. Again, the total 
amount of impurity is recorded as observed by reference to the burette graduations. 
If there has been an addition to the impurities segregated as a result of the second 
centrifuging, the operation is repeated until the combined volume of impurity in each 
burette remains constant for three consecutive readings. In general, not more than 
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four whirlings will be necessary. Finally, the combined total volume of water and 
sediment is read on each burette, estimating to 0.1 ml. if possible. The sum of the two 
readings is then recorded as the percentage of water and sediment in the sample. 

If the emulsion remains unresolved in the burettes after centrifuging is complete, 
the total volume of water present in the sample will still be uncertain. The extent to 
which resolution of refractory emulsion occurs will depend, in part, upon the character 
of the diluent used. The diluent promotes demulsification by reducing the viscosity 
of the oil and it also has an influence upon the interfacial tension relationships between 
water and oil; to some extent, also, it may destroy the colloidal properties of the 
asphaltenes, which serve as the emulsifying agent (see page 487). Of course, the 
centrifugal force developed by the centrifuge also has a powerful demulsifying effect, 
crowding the water droplets so close together in the burette that many of them 
coalesce. Various diluents have been employed. Early practice made use of gasoline; 
later, mixtures of carbon bisulphide and gasoline (“bisulpholine’O were found to be 
more effective in promoting resolution of emulsion and preventing precipitation of 
solid asphaltenes. American Society for Testing Materials and American Petroleum 
Institute specifications now prescribe 90 per cent benzol as the diluent, but this is not 
always successful in breaking down the more refractory types of emulsion. For some 
oils, natural gasoline or benzol or carbon bisulphide and gasoline containing a little 
phenol in solution are found to be more effective. * The best diluent for the particular 
type of oil under test can be determined only by trial. A complication that results 
from the use of phenol in the diluent is due to solution of a part of the phenol in the 
water, tending slightly to increase its volume. An increase in the water phase of as 
much as 2 per cent has been noted, in some instances, when strong phenol solutions 
were used — large enough to be observed when the percentage of water is high. 

With care and proper attention to details, duplicate determinations of water and 
sediment by the centrifuge method should not differ by more than 0.2 ml., provided 
that the centrifuge burettes are accurate and readable to this degree, and provided 
that a diluent be used that achieves complete resolution of the emulsion. Although 
objections have been offered by some to use of the method in umpire tests, where 
financial adjustments between buyer and seller or producer and lessor are involved, 
on the plea that it is not a precise method, it is at least as accurate as the samples that 
it is possible to obtain in large-scale gaging of petroleum, and it is the preferred method 
specified by the American Petroleum Institute in its code for ‘‘Measuring, Sampling 
and Testing Crude Oil.” It is the method prescribed for determining “cut” in most 
lease agreements now in force in the oil-producing industry, and is the most widely 
used test method for this purpose. 

Some operators are content with smaller hand-operated centrifuges, not quite so 
dependable in action as the power-operated machine described above yet perhaps 
sufficiently accurate where more precise methods are unnecessary. Figure 302 
illustrates a hand-operated centrifuge by means of which two “finger-type” centrifuge 
burettes, each of about 15-ml. capacity, graduated to read directly in per cent, may be 
whirled at a speed of 1,500 r.p.m. Procedure with this small equipment is identical 
with that described for the power-driven machine, except that smaller quantities of 
sample and diluent are used. 

* For certain California crudes, the following diluents were found to be effective in 
completely resolving refractory emulsions where ordinary diluents failed : 

1. Phenolatqd benzol: 3,360 cc. benzol -h 140 cc. molten phenol. 

2. Phenolated carbon bisulphide and gasoline: 76 per cent casing-head gasoline + 
20 per cent CS 2 + 4 per cent molten phenol (by volume). The latter mixture was 

:iound: to be most, effective.; 
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Distillation Method. — An alternative method, preferred by some 
producers and crude purchasers for determination of water in crude 
petroleum, involves distillation of a sample of the oil in the presence 
of a solvent miscible in the oil but immiscible in water. The water 
distilled from the oil is condensed and segregated in a specially designed 
receiving tube or trap graduated to indicate directly the volume of water 
distilled. 

The apparatus, as perfected and used by U.S. Bureau of Mines technologists, is 
illustrated in Fig. 303. In conducting tests with this apparatus, after thorough 
agitation of the field sample, an appropriate volume of the sample is poured into the 



Fig. 302. — Small hand-operated centrifuge. 

distilling flask and the diluent added in equal amount. The volume of sample 
that may be used will depend upon the percentage of water present and the size of 
trap used. For oils of water content less that 10 per cent, using a lO-ml. trap, 100 mi. 
of the sample may be used with 100 ml. of solvent. If the percentage of water is 
large, the volume of sample must be reduced or a larger trap must be used, A 25-ml. 
trap is available for such cases. American Society for Testing Materials specifications 
require that the solvent be a particular grade of water-free gasoline, 5 per cent of which 
distills at a temperature between 194 and 212°F., whereas 90 per cent must distill 
below 410°F. The mixture of oil and solvent is heated in the glass flask or metal 
still pictured in Fig. 303 and maintained at a temperature such that distillate falls 
from the end of the condenser at the rate of 2 to 5 drops per second, until all water 
has been vaporized and condensed in the receiving tube. Some of the solvent and 
oil will also be vaporized and condensed, but will float as a distinct layer on top of the 
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water in the receiving tube. Surplus oil and solvent condensed will be refluxed back 
into the distilling flask. The solvent serves to reduce the viscosity of the oil and 
reduces, to some extent, the boiling point of the water. A little porous tile placed in 
the flask reduces ' ‘bumping tendencies that are often troublesome in distilling water- 
oil mixtures. A loose cotton plug, inserted in the top of the condenser tube, prevents 
condensation of atmospheric moisture in the condenser tube. After all water has 
been distilled from the oil sample, as evidenced by a stationary water level in the 
receiving tube and absence of visible water in other parts of the apparatus, the total 
volume of water is careful!}^ read by reference to the graduated scale on the receiving 
tube. The volume of condensed water multiplied by 100 and divided by the volume 



iPourtesy of American Instrument Co,) 

A B C 


Fig. 303. — Apparatus for determination of water in petroleum by distillation. A, 
equipped with electric heater; with metal still for heating with gas; C, types of watei 
traps. 

of sample used is the percentage of water in the sample. The test usually requires 
less than one hour, and one operator can conduct several distillations simultaneously. 

It is to be noted that the distillation method indicates only the amount of water 
in the sample, other impurities being left behind in the distilling flask. To determine 
total “cut,^’ including suspended solids in the oil, a supplemental test must be made by 
some other method, such as by centrifuging. Though the distillation method is 
preferred to the centrifuge method by some analysts and is given preference by the 
American Society for Testing Materials,* it is subject to many small inaccuracies, 
particularly when the test is performed by an unskilled person. These inaccuracies 
are for the most part cumulative, aggregating, in some cases, several per cent of the 
water content and tending always to yield a low result. In the conduct of the test, 

* American Society for Testing Materials, “Standard Method of Test for Water in 
Petroleum Products and Other Bituminous Materials/' Serial D-95. 
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some of the water distilled from the sample is lost to the corks and recesses of the glass 
connections between the flask and the condenser and trap. Some water escapes con- 
densation in the condenser and is lost to the atmosphere^ particularly if an ice-water 
condenser is not used. Some of the water accumulating in the condenser remains as 
adherent drops or as a fog near the outlet and never reaches the trap. Minute 
globules of w’ater remain suspended in the diluent, both in the trap above the general 
oil surface and in the oil and diluent in the flask. Dissolved salts present in the water 
in the sample remain in the flask and are not measured as a part of the reported “cut.” 

Although accurate results may be secured by the distillation method in the hands 
of a competent analyst, recognizing the possible sources of error and making allowance 
for them in interpreting results, the distillation method is scarcely suitable for routine 
field testing and is seldom used for determination of water in crude petroleum on 
producing properties. The technic of temperature control and general conduct of the 
test require something more of laboratory analytical skill than is possessed by the 
average gager or field-laboratory employee. It is better adapted for use in refinery 
laboratories or in umpire tests of special rather than routine character. 

Determination of Water in Oil by Heat and Chemical Treatment 
Followed by Gravitational Settling. — A more primitive and slower method 
of determining water in crude petroleum than the centrifuge and dis- 
tillation methods, described in the foregoing sections, is one that involves 
simple gravitational settling aided by heat treatment, and perhaps also 
by the addition of dehydrating reagents. A measured amount of oil 
sample is placed in a vertical graduated cylinder and maintained at a 
temperature of 120'^F. for 24 hr. Water settling out in the bottom of the 
cylinder can be read directly by reference to graduations on the side of 
the tube. If the water present is emulsified to such a degree that it is 
not readily resolved by heat treatment alone, a little dehydrating chemi- 
cal, such as Tretolite, may be mixed with the sample by thorough agita- 
tion in the cylinder before heat treatment is applied. 

GAamO SHIPMENTS OF CRUDE PETROLEUM TO TRANSPORTATION 

FACILITIES 

The producer and purchaser are jointly interested in securing an 
accurate record of all oil gaged from the producer’s shipping tank to the 
transportation facilities. Each will have a gager present at the shipping 
tank w^henever a ^‘run” is made, to make observations and take samples, 
in order that the value of the shipment may be computed. When first 
placed in service, the shipping tank is carefully strapped and a gage table 
prepared, acceptable to both parties, from which the volume correspond- 
ing to each in. of depth may be read directly. In gaging a run, the 
valve on the inlet line is closed and locked, 4nd the valve on the bleeder ” 
line (or bottom drain) is opened, allowing water and sediment accumu- 
lated in the bottom of the tank to drain away. Fluid thus drained from 
beneath the upper strata of clean oil in the tank will be observed as it 
flows from the bleeder line until it appears to be reasonably free of water. 
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The bleeder valve is then closed and locked. The tank is next carefully 
gaged and sampled, the level of the upper surface of the oil and, by refer- 
ence to the tank table, the volume corresponding to this depth being 
noted. Samples are then taken with a thief of suitable design which, 
when mixed, will, by agreement of the parties concerned, constitute a 
fair average sample of the fluid in the tank. Temperature observations 
are also made from which the average temperature of the oil in the tank 
is determined and noted. The gravity of the mixed oil sample is deter- 
mined by hydrometer test, and the sample is then placed in a suitable 

, closed container for transportation to a laboratory where tests are made to 
determine the percentage of water and suspended solids (the cut so- 
cagers representing the producer and purchaser may each take half of 
the mixed sample for separate determination of the impurities in their 
own laboratories, or both gagers may participate in or observe the tests 
in the producer’s or purchaser’s laboratory. After samples have been 
taken and the '^high gage” has been observed, the valve, controlling 
outflow of oil from the tank to the transportation facilities, is opened 
and oil drained from the tank until the oil level subsides to a point near 
the bottom of the outlet pipe. The valve on the outlet connection is 
then closed and locked, and the level of oil in the tank is again carefully 
determined and noted, together with the residual volume of fluid in 
the tank, as indicated by the tank table. Subtracting the volume at 
^4ow gage” from that at ^^high gage” gives the volume of oil shipped. 

: Later, when the results of the laboratory tests are made available, a 

^^run ticket” is prepared, on which is recorded the gaging and sampling 
data and gross volume of fluid and net volume of oil in the shipment. 
The latter volume is computed by deducting the volume of impurity, 
which is determined by multiplying the grOvSS fluid volume by the per- 
centage ^^cut.” An appropriate volume correction to allow for the 
observed variation of the oil, as shipped, from the standard reference 
temperature will also be made on the run ticket. This correction will 
be determined by reference to a table (see Table XXVI). The run 
ticket constitutes the producer’s receipt for the shipment, on the basis 

of which payment will later be made by the purchaser. 

i ■ 

I . . , ■: 

; GAGING ANB TESTING NATURAL GAS 

Most oil wells also produce natural gas, and it will usually be desirable 
to record the volume of gas as well as that of the oil. The gas-oil ratio, 
a commonly used index of production efficiency, requires measurement 
of the volume of gas and oil produced at each well. The gas is often 
a valuable by-product and therefore justifies accurate gaging. Meters 
may be placed in the gathering and transmission lines to record the total 

I input of “wet” gas to a natural-gasoline-reeovery plant, or the volume of 
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residual dry gas recycled back to the wells for operating gas lifts or for 
injection or power-development purposes. Gas sold by the producer to 
a utility company or other purchaser must, of course, be gaged as accu- 
rately as possible, for the amount to be paid by the purchaser will be 
based upon the volume transferred. For some purposes, it will occa- 
sionally be necessary to sample and test the gas, as in determining its 
gasoline content or the density, calorific value or impurities present. 


Table XXVI. — Expansion- Coefficients* for Computing Corrections to 
Observed Gaged Oil Volumes to Allow for Variation in Temperature 
from the Standard Reference Temperature f 

Coefficient of Ex- 


Gravity Range, Degrees A.P .1. 
Up to 14.9 

15.0 to 34.9 

35.0 to 50.9 

51.0 to 63.9 

64.0 to 78.9 

79.0 to 88.9 

89.0 to 93.9 

94.0 to 100.0 


pansion, per Degree 
Fahrenheit at 60°P. 

00035 

00040 

00050 

00060 

00070 

00080 

00085 

00090 


* For complete tables based on these coefficients, see Am. Soc. Testing Materials, 
Standard Z1L1--1936, or Am. Retroleum Inst., Standard 500-36. 

t The correction factor is computed by multiplying the appropriate expansion 
coefficient by the number of degrees Fahrenheit that the observed temperature varies 
from the standard reference temperature of 60°F. The computed factor is then 
applied to the gaged volume and the resulting volume correction subtracted, if the 
observed temperature is above 60°F., and added if it is below. 


Open-plow Gaging of Gas Production from Wells ' 

Gaging of gas production may be by either “open-flow^' or closed- 
flow’^ methods. The latter are appropriate for continuous gaging of 
flow under pressure in pipe lines, and the open-flow methods are used for 
momentary records when gas is discharged from the casing head, lead 
line or gas trap directly into the atmosphere. The open-flow methods 
include the “minute-pressure” method, the Pitot-tube method and 
the orifice-well-tester method. Closed-flow methods involve use of 
meters of various types, usually the orifice meter. 


The Minute-pressure Method for Open-plow Gaging 

For approximate measuring of the rate at which a well may discharge gas directly 
into the atmosphere, the minute-pressure’^ method is frequently used. A quick- 
acting control valve, creating but little pressure loss in the flowing gas when wide 
open, is placed on the outlet of the well tubing, lead line or gas trap. A pressure gage 
indicates the pressure on the upstream side of the valve. The valve is opened and gas 
allowed to flow freely into the atmosphere until a condition of uniform flow and pres- 
8u re equilibrium k reached. The valve is then quickly closed, and at the end of 1 min. , 
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the pressure indicated by the gage is noted. If the volume of the well tubing and 
connections within which the gas is accumulating is known, the open-flow capacity of 
the well may be computed with the aid of the following formula: 

Q - 100 VP. 

Here Q is the open-flow capacity of the well in cubic feet per day; 

V is the volume of the well tubing and connections in cubic feet; and 
P is the minute pressure in pounds per square inch absolute. 

The minute-pressure method is indicative only of the capacity of the well to 
deliver gas against an absolute back pressure of 1 atmosphere and is not a satisfactory 

index of the ability of the well to produce against 

a higher back pressure, such as would be developed ^ /O — 

by a transmission main. It does not produce a y '• ^ if ! I 

dependable result when oil accompanies the gas. v _ ' ~ r7 

Open-flow Gas Measurements with r i 

THE Pitot Tube 

The Pitot tube, an instrument for determining i ^ z 

the velocity of flowing gas by measuring its mo- 

mentum, may be used for reasonably accurate i_ij: 

open-flow determinations of 'well capacities. In 3 ^ 

preparation for its use in gaging a well, the outlet 

valve is opened wide and the well allowed to flow LiA 

freely until a condition of pressure equilibrium is z 

attained. Flow may be directly into the atmo- z z 

sphere from the casing head, from the well tubing r®- 

or from the gas outlet of an oil and gas separator. 

However, for best results, a straight approach of at I - 

least 10 ft., free of fittings, should be provided, thus 

avoiding undue turbulence in the flowing gas. U — y 

The open end of the Pitot tube, held so that its axis W 

is parallel with the direction of gas flow, is then ^ 

moved about in the stream of flowing gas as it 
emerges from the well tubing until a position is Mines.) 

found corresponding to the average flow velocity. Pica 304. — Illustrating use of 

This will normally be at a point between one-third an open- 

and one-fourth of the diameter of the pipe from the 

circumference (see Fig. 304). The impact pressure of the flowing gas is indicated 
by a suitable manometer or pressure gage. When the average impact pressure, 
the diameter of the pipe from wdiich the gas flows and the physical characteristics 
of the gas are known, the rate of flow may be computed with the aid of the following 
formula: 


2gn X 144Pa 


dfti’ 


In this formula, V is the velocity of the flowing gas in feet per second; 

g is the acceleration of gravity in feet per second per second; 

Pa is the absolute pressure of the atmosphere in pounds per square 
inch absolute; 


t 
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Pt is the impact pressure indicated by the Pitot tube in pounds per 
square inch absolute; 

n is the ratio of specific heats of the gas; and 
W is the weight per cubic foot of the gas in pounds at pressure Fa. 
Assuming that n = 1.266; = 32.15; Po = 14.4; that the specific gravity of the gas 
is 0.6; that the temperature of the flowing gas is 40°F. and that of the gas in the 
formation is 60°P.; that D represents the internal diameter of the pipe from which the 
gas is discharged into the atmosphere and that Q is the open-flow capacity of the well 



Fig. 305. — Orifice well tester for measurement of small volumes of low-pressure gas. 
A, nipple threaded for connection to flow line; B, orifice disk, which is held against right 
face of nipple A by nut C; M, connection for manometer. 

in cubic feet per 24 hr., we may compute the rate of flow with the aid of the following 
formula: 


Q = 1,758,5600^(1 

A simpler formula of empirical character, useful for approximate Pitot-tube 
computations, is as follows: 


7 = 1097 . 4 ^ 

Here F is the velocity of the gas in feet per minute; 

P is the impact pressure as registered by the Pitot tube in inches of water; and 
W is the weight of the gas, in pounds per cubic foot. The temperature of the 
water in the manometer is assumed to be 60 °F. 

Open-flow Gas Measurement with the Orifice Well Tester 

For open-flow measurement of comparatively small flows of gas, a simple device 
known as the orifice well tester” is sometimes used (see Fig. 305). This consists of 
a short nipple, about 2 in. in diameter, equipped with a cap which may be screwed 
on one end, supporting a metal disk with a round hole of appropriate size drilled 
through its center. The other end of the device is screwed into a collar on the lead 
line from a well or gas-discharge line from a gas trap, so that the gas to be measured 
flows through the orifice plate directly into the atmosphere. A small tube, connecting 
through the side of the nipple, provides a connection for a manometer, which indicates 
the pressure within the device on the upstream side of the orifice plate. Seven 
orifice disks are provided, each bored with a round hole of different size, ranging 
from to 1J4 ill* diameter. The orifice plate selected should have an aperture 
of such size that the volume of gas flowing through will be capable of developing a 
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pressure of from 0.5 in. of water to 12 in. of mercury, as indicated by the manometer. 
Tables furnished by the manufacturer give the rate of flow if the size of orifice, 
manometer reading and density of the gas are known. 

®*CLOSED-FLOW” GAGING OF NATURAL GAS FLOWING UNDER PRESSURE 
THROUGH PIPE LINES 

In gaging natural gas, it is necessary to adopt a standard “base” 
of temperature and pressure, in which the results of gaging shall be 
reported. The temperature base is usually 60°r. (520°F. absolute), 
and the pressure base is often an average value for the absolute pressure 
of 1 atmosphere — such a figure, for example, as 14.65 lb. per square inch. 
That is, the reported volume is the volume of gas as actually measured 
at the existing pressure and temperature after expansion to an absolute 
pressure of 14.65 lb. and after adjusting its temperature to 60°F. In 
gas-transmission lines, pressures and temperatures may fluctuate greatly. 
Large variations in the rate of flow must be contended with also. Not 
all of the gas is necessarily hydrocarbon gas, such impurities as carbon 
dioxide, nitrogen and sulphur compounds being frequently present. 
Usually, the amount of these impurities does not vary greatly, so that 
analysis of the gas need only occasionally be made. Unit values may 
be adjusted to accord with the amount of impurities present. Difficulties 
in maintaining equipment in satisfactory operating condition are often 
experienced in continuous gaging. Water vapor, oil, hydrocarbon 
condensates and sulphur compounds present in the gas may result in 
rapid deterioration of the exposed parts of the meter installation, perhaps 
necessitating frequent checking and adjusting of meter equipment. 

The Orifice Meter 

The orifice meter, widely used in natural-gas gaging, has the advantage of sim- 
plicity and dependability; it is adaptable to a wide range of pressure conditions, is not 
excessive in cost and is reasonably accurate. In this tj^pe of meter, a thin metal 
plate is inserted between a pair of flanges in the pipe line through which the gas 
passes. A round hole, somewhat smaller than the internal diameter of the pipe line, 
is bored through the plate, concentric with the cross section of the pipe. Gas flowing 
through this restriction in the pipe line has its velocity momentarily increased, 
occasioning a measurable drop in pressure between the upstream and downstream 
sides of the orifice plate. Pressure gages, connecting with the stream of flowing gas 
through small pipes tapped through the walls of the pipe line or through the orifice 
plate flanges, indicate and record the static pressure on the upstream side of the 
orifice plate and the differential pressure between the upstream and downstream sides 
(see Fig. 306). When the static and differential pressures and the value of a constant 
or coefficient, which is a function of the diameters of the pipe line and orifice, are 
known, the rate of flow of gas through the line can be computed with the aid of the 
following formula: 

* Beale, E. S. L., The Principles of Practical Orifice Metering, ‘‘The Science of 
Petroleum,^' vol. I, pp. 688-703. Oxford University Press, New York, 1938. 
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Q = KCJ^~ 

In this formula, Q is the quantity of gas passing the orifice, in cubic feet per hour 
adjusted to the standard pressure and temperature base; X is a constant; Cv is a 
coefficient of velocity that depends upon the location of the pressure connections, the 
diameter of the orifice, the internal diameter of the pipe and the ratio of differential to 
static line jDressure; d is the diameter of the orifice in inches; is the standard temper- 
ature base ill absolute Fahrenheit degrees; Pb is the standard pressure base in pounds 
per scpiare inch absolute; P is the actual static pressure of the fl.owing gas in pounds 


Fio. 3f)G. — Types of orifice meters for closed-flow measurement of natural gas- A, 
Foxboro meter; B, Westcott meter; C, sectional view of orifice flanges (1) and orifice 
plate (2). 

per square inch absolute; h is the differential pressure between the two sides of the 
orifice plate in inches of water; T is the actual absolute temperature of the flowing gas 
in Fahrenheit degrees; and G is the specific gravity of the gas compared with air 
as unity P' 

For any given meter installation, K, Ti, Pi and G are constants and T can be 
practically assumed so. Hence, we can greatly simplify the above formula by 
determining a constant for each installation that will include all of these quantities. 
If this constant is called the orifice meter formula becomes 

■Q = e ■ 

'■"Bean, H. S., The Measurement of Gas with Particular Reference to Natural 
PetroleuiTi Gases, "'The Science of Petroleum,^* voL I, pp. 704-710, Oxford University 
Press, New York, 1938. 
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The gages used for recording the static and differential pressures are of delicate 
construction and intricate design (see Fig. 307). Usually both static and differential 
gages are combined in one instrument. Each of two recording pens traces a con- 
tinuous record on a circular chart revolved by clockwork, one pen showing variations 
in the static pressure and the other variations in differential pressure. The chart 
makes a complete revolution in 24 hr. ; and the average static and differential pressures 
may be determined over the 24-hr. period by a process of radii averaging, which 
may be automatically accomplished with the aid of a radii-averaging planimeter 
(see Fig. 308). Tables provided by the meter manufacturers give, directly, the value 
of the square root of the product of the average values of h and P. Thus, to determine 



Fig. 307. — Sketch showing structural features of a type of recording differential-pressure 
gage used in conjunction with the orifice meter for gas measurement. 

the total volume of gas passing the meter during a 24-hr. day, it is only necessary to 
determine the average values of h and P for the 24-hr. period and select from the tables 
the square root of their product. This value being multiplied by the number of 
hours of flow and by the hourly coefficient C, the 24-hr. flow through the meter is 
determined. 

Use of the Pitot Tube in Gaging Flow of Gas under Pressure 

THROUGH Pipes 

The Pitot tube, previously described for open-flow gaging of gas, may also be used 
for closed-flow gaging. The Pitot tube consists essentially of a tube of small diameter, 
bent to a 90-deg. angle near one end, that is inserted into the gas main so that the open 
end or ‘Tip” of the tube, about >4 in diameter, faces upstreapa at the center of 
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the flow cross section. The other end, which passes through a gland in the wall of the 
transmission main, connects with a spring gage or manometer which indicates the 


{Courtesy of The Foxboro Co.) 
Fig. 308. — Radii-averaging instrument for use on orifice meter charts. 




Fig. 300. — Pitot tube, connections and manometers for closed-fiow gaging of low-pres- 
sure gas. ii, general arrangement of parts of meter; B, sectional view of Pitot tube, saddle 
and connections. 


impact pressure of the flowing gas. A second opening through the wall of the trans- 
mission main is also fitted with a spring gage or manometer indicating the static 
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pressure (see Fig. 309). When the density and temperature of the gas, the diameter 
of the transmission main and the static and impact pressures are known, the volume 
of the gas flowing may be computed with the aid of the following formula: 

Q = 218.44CD2^^-\/^- 

Here Q is the rate of flow of the gas in cubic feet per hour; 

C is a factor necessary to change maximum impact pressure, as measured with 
the Pitot tube at the center of the flow cross section, to average impact 
pressure for the flow cross section; 

D is the inside diameter of the transmission main in inches; 

Th is the temperature measurement base in degrees Fahrenheit absolute; 

Pb is the pressure measurement base in pounds per square inch absolute; 

G is the specific gravity of the gas, relative to air as unity; 

T is the temperature of the flowing gas; 

P is the static pressure of the flowing gas, in pounds per square inch absolute ; 
and 

h is the velocity head, or difference between the impact and static pressures, 
expressed in inches of water. 

The Pitot-tube equation may be simplified by assuming standard values for some of 
the factors. Thus, if Pb is 14.65 lb., Tb and T are 520°F., C is 0.853 and G is 0.60, the 
formula becomes: 

Q = 8&1.7D^VhP- 

When properly designed and installed, the Pitot tube is as accurate an instrument 
as is available for gas measurement. It should be carefully constructed of small- 
diameter tubing and equipped with a sharp-edged conical steel tip having an opening 
about in. in diameter, supported exactly in the center of the gas-transmission main. 
Best results are secured when the portion of the main in which the tube is used is 
replaced by a section of brass pipe of uniform diameter, having a highly polished 
interior surface. This pipe should be of such diameter as will provide a suitable 
velocity for the gas passing through — being often smaller than the transmission main 
in order to secure higher velocities and measurable impact pressures. The value of 
h, as measured by the Pitot tube, should not be less than 1 in, of water. To avoid 
turbulence in the gas, a straight run of at least 30 ft. of pipe of the same size as the 
brass pipe in which the Pitot tube is placed should be connected on its upstream end. 

Determination of Gas Density 

The density of natural gas is often required in computations involved 
in gas gaging and transmission. It is usually expressed as the ratio of 
the weight of a given volume of the gas to the weight of an equal volume 
of air, both being measured under the same conditions. Methods in 
use include (1) effusion methods and (2) indirect-weighing methods. 

The effusion method is based upon the fact that the times required for flow of equal 
volumes of two gases, under the same pressure and through the same orifice, are 
approximately equal to the square roots of the densities of the gases. If the density 
of air is taken as unity, the specific gravity of a gas can therefore be calculated with the 
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aid of the following formula: 


In this formula, Tg is the time required for flow of a standard volume of gas through 
the orifice; Ta is the time required for flow of a standard volume of air; and G is the 
specific gravity of the gas relative to air. 

The usual type of effusion apparatus consists of a glass jar with a metal top, which 
is attached to a metal tube extending through the cover from a point a few inches 
above to the bottom of the jar (see Fig. 310). The lower part of the metal tube con- 
tains a glass cylinder a bearing reference marks A and B at constrictions near the top 
and bottom. Above the cover of the jar, the metal tube is equipped with a three-way 
valve c that may be adjusted either to allow gas to enter through 
a side connection for rubber tubing or to flow out through the 
® upper end of the tube e. Above the valve, the metal tube is 

equipped with a small glass tip closed at the top with a very thin 
piece of platinum /. In this platinum tip, a minute hole is bored 
to permit slow passage of gas or air. 

With the jar and tube filled nearly to the top with water and 
with the valve set to admit air from the side outlet, air is forced 
into tlie tube until the water level within the tube is depressed to 
, \ level of the lower reference mark. The valve is then closed 

® j .| j so that the imprisoned air may not escape. With a stop watch 

; I I j I ) ready, the valAm is then quickly reversed, so that the imprisoned 

i i[- 1 j air may be displaced upward through the platinum orifice, record- 
I III time in seconds necessary for water to rise within the tube 

I 'l I I 1 i| I to the level of the upper reference mark. This is Ta in the for- 

|Lj h 1} mula given alcove. The procedure is then repeated, filling the tube 

[ I I j I with the test gas instead of air and recording Tg. In filling the 

^ '111 ' i apparatus with gas, care must be taken to avoid contamination 

I || it' ' ' I with. air. 

I I j!: . . Determination of Gas Density with the Edwards Gas Balance. — 

j 1^ . . i| Although the effusion type of gas-density apparatus is convenient 

' j ' ‘ i for field tests and is often used for approximate work because of 

1 j’l its simplicity, it caiuiot compare in accuracy with the gas-density 

II balance (see Fig. 311). This instrument contains a delicately 

balanced sealed bulb mounted on one end of a beam that rests on 
SowS”, Bur. needle-point supports. The beam and its support are con- 

Mmes.) tained within a gas-tight, water-jacketed cylinder provided with 

Fig. 310. Ef- glass ends, which permit the operator to observe the position of 
de?ermining*^rL index or the end of the beam. A leveling sight indicates 

ity of natural gas. position of equilibrium for the end of the beam. Air or gas 
may be admitted to the cylinder and minor adjustments of 
pressure may be made with the aid of a needle vmlve. A third outlet provides a 
means of connecting with a mercury manometer. 

The buoyant force of a gas upon a body suspended in it is directly proportional 
to the density of the gas, and since density varies directly with its pressure, the 
buoyant force for a given gas also varies directly with its pressure. It follows that if 
the pressures of two different gases are adjusted so that they exert the same buoyant 
force, their densities will vary inversely as their pressures. This assumes that the 
temperature remains constant. The beam is adjusted so that it assumes its position 
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of equilibrium when surrounded by air at slightly less than normal atmospheric 
pressure. The cylinder is then filled with the gas to be tested and the pressure 
adjusted until the beam again balances. The barometric pressure must be known. 
If Pa is the absolute pressure of the air expressed in millimeters of mercury necessary 
to balance the beam and Pg is the absolute pressure of the gas, then 

P 

Specific gravity of the gas = 

Determination of Condensable Gasoline Content of Natural Gas 

Natural gas, when produced in association with petroleum, commonly 
contains low-boiling hydrocarbon vapors, which render the gas of value 



Fig. 3 11. -—Edwards balance for determining density of natural gas. At left, balance with 
manometer; at right, sectional view of balance. 


as a source of natural gasoline. Gasoline-recovery plants are customarily 
situated in or near the fields in which the gas is produced. The value 
that the gas commands for this purpose will depend upon the amount of 
gasoline-forming constituents that it contains, and it therefore becomes 
necessary at times to make tests of the gas produced to determine the 
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amount of condensable vapor present. For this purpose, either of two 
tests mav be annlied: (1) the oil-absorption test or (2) the charcoal- 

adsorption test. The results of such tests 
are customarily reported in gallons of con- 
densate per thousand cubic feet of gas. 
Values range from but a fraction of a gallon 
per M cii. ft. in so-called ^^dry^’ gases to as 
much as 16 gal. per M cu. ft. in very 
^^wet” gases. 

The Oil-absorption Test. — A small port- 
able absorption column, constructed of 
pipe, and a small gas meter is brought to 
the well-head or other convenient point 
where connections may be made with a con- 
tinuous supply of the gas to be tested. A 
measured volume of an oil capable of 
readily absorbing gasoline vapor is placed 
in the absorption column and a measured 
volume of gas passed through it (see Fig. 
312). A sample of the enriched oil is then 
distilled to determine its gasoline content. 
The oil used is often mineral seal oil/^ a 
refined fraction of petroleum intermediate 
between kerosene and the light lubricating 
fractions, but if not available, crude petro- 
leum of low gasoline content may be used. 
The Charcoal-adsorption Test.— The 
luG. 3i2. ---Apparatus for mak- ^Parcoal test for gasoline content of natural 

mg absorption test to determine ^ ® 

natural-gasoline content of gas. gas is conducted ill the Same manner as the 

In this skcUch, a is the lower ab- oiPaPsorptioii test described above, except 
sorption chamber; 6, the upper t ^ ^ 

absorption chamber; c, the gas- that activated charcoal is used instead of 

inlet port to the low chamber; d. oH. THs highly popous substance has the 

the gas-inlet port to the upper a ^ i 

chamber; and e, the gas outlet property of readily adsorbing gases and 
from the upper chamber. vapors Oil its exposed Surfaces. After a 

measured volume of gas has been passed through a prepared charcoal 
ceil, the gasoline is distilled from the charcoal and condensed. The 
volume of condensate recovered divided by the volume of gas metered 
through the charcoal expresses the quality of the gas. 
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CHAPTER IX 


STORAGE OF PETROLEUM 

The producer of petroleum finds it necessary to provide storage 
facilities on his property to care for the oil after it reaches the surface, 
during such time as it is undergoing treatment to remove impurities or 
while awaiting removal from the property by a purchaser or transporta- 
tion agency. Necessity for provision of storage facilities arises as soon 
as the oil is discharged at the surface and continues throughout the 
various stages of settling, gathering, dehydrating, gaging and shipping. 

When first discharged from the well-head or gas trap, the 'oil enters a 
“flow tank,^^ two small tanks of this category being placed at each well, 
with facilities for switching flow from one to the other. Here some of the 
impurities are allowed to settle from the oil, and entrained gas that has 
escaped separation in the gas trap is permitted to escape before the oil 
enters the gathering system. Here, also, gaging may be done to deter- 
mine individual well productions. From the flow'- tanks, oil is perhaps 
moved to a central dehydrating plant where larger “stock tanks are 
provided for temporarily storing “w^ef' oil before it is admitted to 
“treatment tanks.^^ Here it is heated or subjected to chemical treatment 
to remove water. After dehydration, the oil, freed of its impurities 
sufiSciently to meet pipe-line requirements, may be moved to “storage 
tanks,^’ where the product is accumulated for a time before it is trans- 
ferred to a pipe-line transportation company or other purchaser. At 
such times, the oil is gaged through a “shipping tank,^^ specially arranged 
to facilitate sampling and measurement of oil volumes. The purchaser 
usually must also provide storage tanks or reservoirs for storing oil in 
transit or awaiting transmission at field terminals of shipping facilities. 
Storage must also l^e provided by the shipping concern or refiner at the 
delivery end of the pipe line. Large “tank farms designed for this 
purpose and controlled by the shipping interests or refiners often provide 
storage capacity for millions of barrels of oil. Petroleum stored in this 
way has a beneficial influence in offsetting seasonal and other fluctuations 
in supply and demand. During recent years, 300 to 400 million barrels 
of crude petroleum have been in storage in the United States in storage 
farms controlled by the producing, transportation and refining interests. 

It will be apparent that the problem of oil storage is one of great 
economic importance, affecting not only the producer, but also those 

679- . 
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engaged in the transportation, refining and marketing phases of the 
petroleum industry. Vast sums have been expended in providing these 
storage facilities, and the physical equipment used for this purpose 
must be properly designed and maintained to give maximum security 
against fire and explosion hazards and to reduce losses resulting from 
evaporation and seepage. 

TYPES OF OIL-STORAGE CONTAINERS 

Containers for storage of crude petroleum may conveniently be 
classified into two groups: (1) tanks and (2) reservoirs. Tanks may be 
made either of wood, steel or reinforced concrete and are available in 
many different types and a wide variety of sizes and capacities. Rein- 
forced-concrete reservoirs of large capacity are favorablj?^ regarded for 
their lower cost per unit volume of capacity but are suitable only for 
storage of the less-volatile oils. 

Types of Steel Tanks 

Tanks made of sheet steel are commonly used and generally preferred 
for storage of petroleum. Small-capacity tanks suitable for use as flow 
tanks are often made of galvanized sheet steel, either corrugated or 
plain. Small and moderate-sized tanks, suitable for lease storage pur- 
poses, are also commonly manufactured of black sheet steel, the steel 
plates being riveted together to form staves or sections with flanged 
joints, which can be bolted together in the field. Tanks as large as 
2,500 bbl. may be of the bolted variety, but larger tanks must usually 
be assembled with plates having riveted joints throughout, or the joints 
may be welded. To reduce evaporation losses from volatile oils that 
develop high vapor pressure, special types of tanks are available that 
are capable of withstanding high internal pressures. The usual form of 
oil-storage tank is one having a vertical C3dindricai shell with a flat bottom 
and low conical roof. Such a form is incapable of resisting internal 
pressure of any great magnitude wuthoiit leakage of gas and vapor from 
the space above the oil under the roof. To minimize evaporation losses 
from volatile oils that develop high vapor pressures, special tanks with 
flexible roof construction, known as breather tanks, have been devel- 
oped; others are spherical or spheroidal in form, better to resist high 
internal pressures. Another type of tank, known as a “water-top^’ 
tank, is equipped with a flat, depressed roof supporting a few inches of 
water, the purpose of which is to keep the vapor space in the upper part of 
the tank cooler than it otherwise wmuld be. In ^ ^ floating-roof ^ ^ tanks, the 
roof floats on the oil and leaves no space for vapor accumulation. 

Small Galvanized-iron Tanks. — -Tanks of 2,500-bbL capacity or less 
are frequently constructed of galvanized-iron sheets with riveted and 
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soldered joints. Tanks of 100-bbL capacity or less may be made of 
plain galvanized sheet iron, but in larger tanks, strength and rigidity is 
secured by using corrugated iron, with the corrugations running hori- 
zontally around the shell. Tanks of this type, having a capacity of 
100 bbl. or less, are usually assembled by the manufacturer and are 
shipped intact and ready for service as soon as placed on adequate founda- 
tions. Though inexpensive, this type of tank is not sufficiently rugged 
for oil-field use and deteriorates rapidly. Galvanized corrugated-iron 
tanks are fairly rigid when properly constructed and are economical 



Fici. 313. — Smali corrugated gaivanized-iron flow tanks with oil and gas separator. 


in capacities up to aoout 2,500 bbl. (see Fig. 313). The larger sizes 
must be shipped knocked dowm^^ and assembled in the field, though 
it is feasible to move a tank having a capacity as great as 500 bbl. on a 
large motor truck. Some operators are equipped to manufacture tanks 
of capacity of 100 bbl. or less in their field shops, but it will not usually 
be economical to undertake fabrication of larger tanks without special 
facilities that the average producer cannot afford to own. 

Bolted Tanks. — Small and intermediate-size tanks used on the 
producer's lease are often of the bolted variety, in which the tank is 
shipped to the field in sections that have merely to be bolted together. 
Packing, saturated with an insoluble ^ paint, is placed between joints 
to prevent leakage and evaporation. Aside from convenience in ban- 
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dling, and their economy and sturdiness, bolted tanks possess the great 
advantage that they can readily and rapidly be assembled or taken 
apart and moved to a new location if desired. They are available in 
capacities ranging from 30 to 10,000 bbl. Figure 314 shows a group 
of bolted tanks. The staves and roof plates of different bolted 
tanks are interchangeable, having been standardized by the American 
Petroleum Institute. Table XXVII gives sizes and capacities. Capaci- 
ties may be increased by adding rings vertically. 



Welded Tanks, — Steel tanks in which all seams are electrically welded 
are available in capacities ranging from 65 to 120,000 bbl. Sizes up to 
250 bbl. are assembled in the fabrication plants and shipped as units. 
Larger sizes must be assembled and welded in the field. They are 
rugged and secure against leakage but are costly and not readily dis- 
assembled and reassembled in the event that it is desired to move them 
to a new location. Table XXVIII gives standard sizes for small welded 
production tanks, tentatively adopted by* the American Petroleum 
Institute. 

Riveted Steel Conical-roof Tanks.— The larger sizes of steel tanks, 
used for lease and tank-farm storage of petroleum, are generally con- 
structed with steel plates assembled in the field. Such tanks are built 
of horizontal '^rings'' riveted together, one above another, and with 


Table XXVII. — Capacities and Dimensions of A.P.I. Standabd Bolted Tanks 


a 
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bottom and roof plates also riveted. Two flanges made by bending 
structural-steel angles to the shell radius are used, one for connecting 
the cylindrical shell with the bottom and the other for connecting the 
shell with the roof. The shell, roof and bottom are securely riveted to 
these flanges, and all joints are carefully calked to prevent leakage. 
As standardized by the American Petroleum Institute, capacities of 
riveted-steel tanks range from 240 to 134,000 bbl. (see Table XXIX). 

Table XXVIII.— A.P.I. Standard Sizes of Welded Oil-storage Tanks 
(Capacity in 42-gaL barrels; tank approximately level full) 


48 


6 


8,700 
15,480 
24,190 
40 , 880 
69,910 
96,765 
139,340 


Diameter 

ft. 


12 
18 
24 
30 
30 
48 . 
60 
78 
102 
120 
144 


Nominal height, ft. 


12 IS 


30 


36 


48 


Number of courses 
(72-in. courses) 


240 

540' 

970 

1,510 

2,180 

3,870 

6,048 


3 4 


360 
820 
1,450 
2 , 273 
^3,270| 
800 
9,070 


4801 
l.OQOj 
1,940 
3,02oj 
4 , 360 
7,740i 
il2,100 


600 
1,360 
2,420 
3,780 
5,440 
9,680 
15,120 
25,550 
43 , 700 
60,480 
;S7,090 


7301 
1,030 
2,910 
4,540 
6,530 
11,610 
18,140 
30,660 
52,430 
72 , 575 
104,500 


7 , 620 
13, 540 1 
21,16f 
35,770 
61,170 
84,670 
121,920 


8,7001 
15,480 
24,190 
40,880 
69,910 
96 ,765 
139,340 


16 24 32 


40 


Number of courses 
(96-in. courses) 


320 

730 

1,290 

2,020!j 

2,900 

5,160 

8,060] 


480; 
1,090 
1,940 
3,020 
4 , 360 
7,740 
12,100 


640 

,450; 

,580 

.030 

,800 

,320 

,120 

,260 

,610 

,510 

,900 


7,260 

12,900 

20,160 

34,070 

58,260 

80,640 

116,120 


Prior to adoption of the A.P.I. standards, many tanks of 56,000- and 
80,000-bbL capacity were constructed and are still in use. Larger tanks 
of this type, some with capacities as great as 178,000 bbh, have also 
been built but are not ‘bstandard.^^ The low conical roofs used on these 
tanks have a pitch of ^4 in. in 12 in. and are supported on structural 
steel columns. Figure 315 presents a typical design for a tank of this 
style. 

Water-seal Riveted-steel Tanks. — Breathing’^ losses of gas from 
the vapor space above the oil stored within a tank will depend to a 
considerable extent upon temperature variation. With the usual low- 
pitch conical steel roof, the gas within the tank will be subjected to 
important variations in temperature as between day and night, resulting 
in material expansion and contraction changes in gas volume. When 
gas expands with temperature increase, some of it must be relea^sed from 
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the tank to relieve the excessive stress, which tends to cause distortion 
and leakage. When reduction in temperature causes contraction, air 
must be admitted to the tank to avoid collapse of the roof. Such losses of 
hydrocarbon gas and vapor and contamination with air may be minimized 




Fig. 315. — Plan and elevation of 55,000-bbl. riveted steel tank. 

by maintaining a more uniform temperature within the tank, and one 
way of doing this is to use a ^^ater-top’^ tank. This type of tank has 
a flat deck, depressed 6 or 8 in. below the top edge of the cylindrical shell 
and welded or riveted securely thereto (see Fig. 316). The shallow 
basin, thus formed, is water-tight and is kept filled with water. To 
sustain this extra weight, the deck must be adequately supported on 
steel columns and girders. Tests have indicated that temperatures 
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in water-sealed tanks are lower than in conical-roof tanks of ordinary 
pattern, and evaporation losses are therefore lower. 

Breather” Tanks— Another type of steel tank, designed to re- 
duce vapor losses resulting from temperature change, is the so-called 



slfeTsIwl This is equipped with a flexible 

b if,t,t-.s tee I oof capable of expanding and contracting as pressure condi 

faons within the tank require. This permits little or no gas to bTrelei^^^^^ 

Table XALX.-Capacities .akd Dimensions op A.P.I. Standard Rweted-steel 

Tanks 


(Capacities m 42-gal, barrels; tank approximately level full) 


Nominal height 


eter, ft. 

12 ft. (2 
courses) 

i7?4 ft. (3 
courses) 

' 23H ft. (4 
courses) 

: 29K ft. (5 
courses) 

35 ft. (6 
courses) 

40K ft. (7 
courses) 

' 46 ft. (8 
courses) 

12 

18 

24 

SO 
■ 36 

48 ■ 

60 

78 , 
102 

120 ■ 
144 

240 

540 

960 

1,500 

2,160 

3,850 

5,960 

360 • 
810 
1,440 
2,240 
3,400 
5,730 
8,880 

480 

1,070 

1,910 

2,980 

4,300 

7,600 

11,800 

590 
1,340 
2,380 
3,710 
6,400 
9,. 500 

S 15,000 

25.000 
42,500 

59.000 

85.000 

720 

1,600 

2,850 

4,450 

6,400 

11,300 

17,500 

30.000 

51.000 

70.000 
101,000 

7,400 

13,200 

20,500 

35.000 

59.000 

82.000 
118,000 

8,400 

16,000 

23,600 

39,500 

68,000 

93,000 

134,000 
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from the tank when the gas expands, and no air need be admitted when 
it contracts. The roof is constructed of light-gage metal plates, welded 
or riveted together and fastened securely to the upper edge of the shell 
of the tank about the circumference of the top angle. In its normal 
Bosition the roof simply rests on the supporting rafters, which are ot 
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As a result, breathing losses are eliminated, except when extreme tem- 
perature changes occur. Breather roofs are equipped with control 
valves that open mechanically when the roof rises to a predetermined 
height. Tanks of this type are particularly useful when oil is to be 
stored for a considerable time. 

Radial-cone Tanks. — This style of tank, little used as yet, has a 
vertical cylindrical shell and flat bottom, but the roof is made up of a 
number of radial, inwardly concave conical segments fastened together 
along their radial edges to radial roof girders. Lower girders, directly 
under these on the bottom of the tank, and vertical connecting columns 
support and hold down the entire roof structure against upward internal 
pressure. The roof plates may be either riveted or welded, preferably 
welded. This type of tank is designed to vdthstaiid internal pressures 
as great as 10 lb. per square inch and has been built in sizes up to 80,000- 
bbl. capacity. They are especially adapted to the storage of high 
vapor-pressure products and are successful in minimizing breathing and 
evaporation losses. 

Floating-roof Steel Tanks— The space between the roof and surface 
of oil ill a tank within wdiich vapor may accumulate is eliminated by 
using a floating roof, of which there are several types. The 
type is constructed in the form of an almost flat, inverted cone, nearly 
as large as the internal diameter of the tank shell, supported by radial 
trusses. The cone is equipped with a vertical steel rim around its 
periphery that forms a seal against the inner wall of the shell of the tank 
(see Fig. 318). The roof at all times, except when the tank is empty or 
nearly so, floats directly on the surface of the oil in the tank, and the seal 
prevents evaporation of oil about the edges, where it effectively closes 
the space between the floating roof and the cylindrical wall of the tank. 
A structural-steel framework on the inner bottom of the tank supports 
the roof when the tank is empty. A roller guide prevents the roof from 
rotating. Rain, falling on the roof, is gathered into flexible drains at 
the center of the tank and withdrawn through the bottom. A ladder, 
fixed to the top edge of the shell of the tank and mounted on wheels 
at the other end wiiere it rests on the floating deck, affords access to the 
roof at such times as sampling and inspection are necessary. This 
type of roof is capable of supporting a load equivalent to 6 in. of wmter 
over the deck but may sink if a leak admits fluid through the deck. It 
may be adapted to tanks of any size. 

A ^^pontoon-deck” roof is equipped with fluid-tight floats or pontoons, 
which keep it afloat on the oil surface. The double-deck pontoon roof 
has two complete decks, separated from each other by metal bulkheads, 
which form a series of fluid-tight compartments between the decks. 
Such a roof may not easily sink, for even if one or a few compartments 





(Courtesy of Chicago Bridge & Iron Co.) 

Fig. 318. — Wiggins pan-type floating roof for oil-storage tanks. Above, sectional view 
of tank and floating roof; below, exterior view of 55,000-bbl. floating-roof tank. 

tight pontoons around the circumference (see Fig. 319). The pontoons 
develop sufficient buoyancy to keep the roof afloat under all circum- 
stances. As a precaution against high storage temperatures^ several 
inches of water may be carried on the depressed portion of the deck 
between the pontoons. This type of floating roof has been used more 
than any other on crude-storage tanks (see Fig. 320). Breathing and 
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evaporation losses of light stored oil in floating tanks are less than one- 
quarter those experienced with ordinary conical-roof tanks. 

Spherical and Spheroidal Tanks —For storage of very volatile oils 
developing high vapor pressure, tanks of spherical or spheroidal forms 
are sometimes used. Such tanks are better able than tanks of con- 
ventional form to resist distortion as a result of high internal pressures. 
Stresses are more uniformly distributed in such tanks. If kept nearly 
full of oil, the space available for accumulation of vapor is comparatively 


(Courtesy of Chicago Bridge <fe Iron Works.) 

Fig. 310. — Cut-tiway view of Wiggins pontoon-deck floating roof for reducing evaporation 
losses from oil-storage tanks. 

small. Less extensive foundations are required than are necessary with 
flat-bottomed tanks (see Figs. 321 and 322). An outside circular girder, 
resting on concrete footings, supports the weight of the tank and its 
contents. Internal radial trusses assist in sustaining the spherical form. 
Tanks of these types are capable of withstanding internal pressures as 
great as 100 lb. per square inch. They are used primarily for storage of 
iiatiiral gasolines or very high gravity crudes that develop high vapor 
pressures. 

Wooden Roofs on Steel Tanks.-' — For the storage of heavy oils where evaporation 
losses are not a serious factor, steel tanks are frequently equipped with low, conical 
wooden roofs instead of the steel type of roof already described. In such cases, the 
roof supports are also of wood. Footing blocks 2 by 8 in. and 2 or 3 ft. long, placed 
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on the bottom of the tank, support 6- by 6-in. posts arranged in two or more con- 
centric circles. Girders, 6 by 12 in. in cross section, span the spaces between the 
posts in each circle and provide supports for 2- by 8-in. rafters placed radially. The 
rafters are covered with 1- by 6-in. or 1- by 12-in. wooden sheathing, generally planed 
to secure fairly tight joints, but occasionally laid on rough. The posts in each suc- 
cessive ring are tied together by means of diagonally placed 1- by 6-in. braces. In 
order to prevent leakage of water from without and to reduce evaporation losses as 
far as possible from oil stored within the tank, the wooden roof is generally covered 
with roofing paper (sometimes with pebble finish), sheet' iron or a specially prepared 
asbestos roofing. 



(Courtesy of Chicago Bridge & Iron Works.) 

Fig. 320. — Battery of oil-storage tanks equipped with Wiggins pontoon-deck floating 

roofs. 


Among the disadvantages of this type of roof, aside from the obvious difficulty 
of making it secure against leakage of gas, may be mentioned the increased fire risk 
and the damage that such a, roof frequently suffers in regions where heavy wind 
storms are prevalent. Wooden roofs have an important advantage where sulphur- 
bearing oils are to be stored. Corrosion of steel roofs is rapid and destructive with 
such oils, whereas wood is better able to resist the corrosive influence. 

Wood-stave tanks have been rather widely used for storage of crude 
petroleum in the older fields and in fields where sulphur corrosion causes 
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rapid destruction of steel tankage. Capacities of wood-stave tanks 
seldom exceed 2,000 bbL, and the 500- and 800-bbL sizes are most used. 
The material is either pine or redwood, which is shipped to the site on 
which the tank is to be erected in the form of staves, so shaped that on 
being placed side by side around a circular wooden bottom they form a 
tank as high as the staves are long. The staves are held firmly together 
by metal hoops or bands that encircle the tank on its outer circum- 
ference. If the stave edges are carefully beveled to accord with the 
desired radius, such a tank can be made fairly secure against leakage. 



(Courtesy of Chicago Bridge & Iron TFor/cs.) 

Fig. 321. — Elevation of Horton spherical tank, 10,000-bbl. capacity, 48-ft. diameter, 
designed for internal pressures up to 100 lb. per square inch. 

Tension in the metal bands is adjuvstable by means of turnbuckles or 
simple screw devices (see Fig. 323). The joint between the staves and 
bottom is mortised, tongue-and-groove fashion, and the usual design 
provides that the tank is slightly smaller at the top than it is at the 
bottom. 

Wood-stave tanks are never as satisfactory for storage of oil as they 
are for the storage of water. Expansion of the wood under the influence 
of water renders the wood-stave tank practically water-tight. This 
tendency of wood to expand is quite absent when in contact with oil, 
so that the only security against leakage between the staves must result 
from accurate fitting of the staves and bottom joint and tension in the 
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{Courtesy of Chicago Bridge & Iron Works.) 

Fig. 322. — Horton noded-type spheroidal tank, 127-ft. in diameter, capacity, 80,000 bbls. 

provided with a water-tight, closed top, which is depressed below the 
upper ends of the staves. Holes bored halfway through the staves admit 
water to the grooves between the staves from the depression above the 
cover, which is kept filled with water (see Fig. 324). 
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steel hoops. To offset the tendency of wood to shrink when in contact 
with oil, a patented tank is equipped with staves grooved in such a way 
that water may be admitted between all joints, thus swelling the staves 
and reducing or even entirely preventing leakage of oil. This tank is 
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Steel-tank Design 

In a riveted-steel tank of conventional design, the greatest strain will fall on the 
vertical seams connecting the individual plates forming the rings. This is due to out- 
ward pressure, normal to the walls, resulting from the w'eight of the stored oil, tending 
to increase the diameter of the cylinder, thus putting strain on the joint>s that resist 
radial expansion. Fluid pressure against the cylindrical shell increases in a constant, 
ratio from zero at the top to a maximum at the bottom. In a tank filled to a depth of 
30 ft. with 20° A.P.I. oil, the pressure exerted at this depth would be 1,680 lb. per 
square foot, which figure also represents the weight of oil on each square foot of the 
bottom plates. Horizontal seams, connecting the several rings, will normally be 
subjected to comparatively little strain from the weight of the stored oil, so that they 
may be designed merely to withstand the dead load of the tank itself. These vari- 
ations in strain imposed on different portions of the tank are allowed for by varying 
the thickness of the metal plates and the number, size and arrangement of rivets at 
the joints. . 

Although it is customary to place the greater part of the metal in a tank in the 
cylindrical shell, it must be remembered that the roof and bottom., though subjected 
to smaller stresses, nevertheless are the parts that deteriorate most rapidly. The 
bottom is subjected to corrosion both on its lower side by contact with the earth and 
on its upper side by saline water, which settles from the oil. The roof must bear the 
brunt of any deterioration that may result from exposure to the wea-ther and in 
addition is subjected to the corrosive influence of sulphur and other gases and vapors 
derived from the oil. The careful designer will therefore not reduce the thickness of 
the roof and bottom plates to that merely necessary to resist the stresses imposed. 

It can be demonstrated mathematically that above a certain critical capacity,’^ 
which varies with the type of tank, the most economical height for a steel tank is 
constant, and that below this capacity, the most economical ratio of diameter to 
height is a constant. These and certain other constants useful in calculating weights 
of various types of tanks are presented in Table XXX. 

’ The riveted-steel tank, though well designed to withstand internal pressure, 
offers comparatively little resistance to external forces, particularly wdieii empty. 
Wind pressure may at times exceed 40-lb. per square foot of exposed surface, a unit 
force that, if applied to the resisting surface of a tank 114.5 ft. in diameter and 30 ft. 
high (a 55,000-bbl. tank), would amount to nearly 50 tons. Such a tank would 
weigh 180 tons or more, so that there is no danger of the tank being overturned. 
The wind pressure might be sufficient, however, in extreme cases, to collapse the tank, 
the only security against collapse from an external force being that offered by the roof 
and bottom flange to which the shell is riveted. Snow loads may amount to 30 lb. 
per square foot in cold climates, or a total load on the roof of a 55,000-bbL tank of 
154 tons. 

Some designs specify use of steel cables- attached to the inner 'walls of the tank 
shell and stretched taut across four diameters of the tank at such distances apart that 
the tank area is divided into 45'deg. segments, giving the appearance, in horizontal 
projection, of spokes in a gigantic wheel.® The cables may be arranged in two hori- 
zontal planes, one about 10 ft, above the bottom of the tank and the other 10 ft. below 
the top flange, the ropes in the two planes being staggered with respect to each other. 
Cables used for this purpose are about ^ in. in diameter, discarded sand lines from 
the drilling rigs often being used. This practice has led to the term ^‘sand-line rein- 
forcement^’ being applied^ to it. Such reinforcement not only assists in resisting 
internal forces, but gives the tank a certain rigidity that it does not otherwise possess, 
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thus minimizing any tendency it may have to collapse on application of excessive 
wind pressure. 


Table XXX. — Important Factors in Steel-tank Design 


Type of tank 

Conical 

steel 

roof 

Water- 

top 

roof 

Wooden 

I roof and 
supports 

Open 

tank 

1 

Weight of top, bottom and supports per square 





foot of bottom area, lb 

16.75 

17.40 

11.20 

8.60 

Critical capacity, bbl 

4,000 

3,900 

4,820 

5,450 

Most economical height (for tanks above criti- 



i 


cal capacity), ft 

32.4 

33.1 

26.6 

23.2 

Most economical ratio of diameter to height 





(below critical capacity) 

0.92 

0.876 

1.36 

1.77 

Most economical diameter of tank (for capac- 





ities below critical capacitv), ft 

1.87C^^ 

1.84C‘'^ 

2.13C^'^ 

2.33Ci^ 

Minimum weight of tank (above critical capac- 

5.8C + 

5.9C4- 

4.750+' 

4.16C-t- 

ity), lb _ 

11,500 

11,500 

11,500 

11,500 

Minimum, weight of tank (below critical capac- 





ity), lb 


1390?^ 

120C“^^ 

llOC^^ 


Note: In this table, C == capacity of tank in- barrels (42 gal.). A tensile strength 
of 55,000 lb. per square inch and a safety factor of 3 are assumed for the steel. The 
efficiency of joints is assumed to be 0.70. The minimum thickness of steel is taken at 
J'fe in. The weight of a cubic foot of oil is assumed to be 60 lb. 

Another strain to which a steel tank may be subjected in service is that due to 
the development of abnormal pressure conditions in the gas space under the roof. The 
roof of a steel tank is intended to be gas-tight, or practically so, and any change in 
the fluid level in the tank, without providing for admission or escape of gas, might 
result in development of pressure somewhat above atmospheric, or a partial vacuum 
may result if the fluid level falls. Mere difference in temperature between day and 
night of say 40°F., wdthout change in the fluid level and without escape of gas, would 
result in an increase in gas pressure within the tank of 1 lb. per square inch. If this 
pressure were applied to the entire area of the roof of a 55,000-bbl. tank, it would 
create a lifting force of 740 tons against the underside of the roof. This is a force 
700 tons greater than the weight of the roof, and it places considerable strain on the 
roof joints. This gas pressure is further increased by expansion of the oil and by its 
tendency to develop higher vapor pressures when subjected to increase in temperature. 
It is doubtful, however, whether a tank is ever subjected to the full effect of this 
tendency of gas to expand, for the reason that the roof is seldom absolutely gas-tight. 
Even if it w^ere made so initially, operation of the expansive force of gas within the 
tank would soon open the joints to such an extent that breathing’^ of gas and air 
through the roof joints could occur. 

Steel-tank Specifications. — One seeking appropriate specifications for purchase of 
a riveted-steel tank of conventional type would do well to consult specifications 
adopted by the American Petroleum Institute (A.P.I., Specification 12A). These 
prescribe that such tanks shall be constructed of open-hearth structural steel having 
a tensile strength of 55,000 to 72,000 lb. per square inch and otherwise conforming 
with standard specifications of the American Society for Testing Materials (A.S.T.M., 
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Specification A7-34 or A9-34). Steel containing 0.2 to 0.25 per cent of copper is 
sometimes used because of its superior resistance to corrosion, especially in roof plates. 
The tank should be designed throughout for security against all stresses developed 
by filling it to the rim with water at a temperature of 60°r. Maximum allowable 
working stress in the shell plates is 21,000 lb. per square inch; maximum allowable 
shear stress on rivets is 16,000 lb. per square inch; the bearing stress on plates and 
rivets must not exceed 35,000 lb. per square inch when the rivets are in double shear, 
or 32,000 lb. in single shear. 

Tanks in the American Petroleum Institute standard series (see Table XXIX) 
have diameters that are multiples of 6 ft., and the shell plates are 6 X 3.1416 or 
18.8496 ft. long. The number of plates in each ring must therefore equal the diameter 
of the tank divided by six. The shell plates vary in thickness from Jde to in., 
depending upon the size of the tank and the position of the plate in the tank. The 
heavier plates are, of course, in the lower rings. They are cold-rolled in the fabrication 
plant to the proper radius. If the tank shell has six rings or less, each ring is placed 
inside the one beneath it. In seven-ring tanks, the second ring is outside the first, 
but each ring above the second is inside the one beneath it; and in eight-ring tanks, the 
second ring is inside the first, the third is outside the second and each ring above the 
third is inside the one beneath it. The top and bottom angles are ordinarily placed 
inside the shell. Shell-plate joints are either single-, double- or triple-riveted lap or 
butt-strap joints, depending upon the position of the joint in the structure. Vertical 
joints must be more securely riveted than horizontal joints and those in the lower 
rings more so than those in the upper rings. Rivets vary in size depending upon the 
thickness of the plates. Rivets larger than % in. are driven hot. 

The conical steel roof and its supporting structure are designed for a live load 
of 25-lb. per square foot in addition to the dead load. Structural channels are usually 
specified for roof columns, though steel pipe or other structural shapes of equivalent 
strength may be used. They support, on their upper ends, concentric rings or 
hexagons of channel iron, which in turn provide support for I- or H-beam rafters. 
There must be not less than three rafters for each shell plate in the top ring. This 
provides a maximum spacing of ft. Roof plates are rectangular in form, in. 
thick and of the same size as the shell plates. For tanks 48 ft. in diameter or less, the 
bottom is made of rectangular plates at least 34 in. thick and 72 in. wide. For tanks 
larger than 48 ft. in diameter, bottom plates are at least in. thick and 72 in. wide. 
Roof and bottom plates are single riveted. 

Tank Foundations 

The ground on which the tank is to be erected must be carefully graded, compacted 
and leveled. Precautions must be taken to prevent filled ground from settling or 
shifting after the tank is erected, otherwise severe strains may be imposed on the 
tank plates. This is particularly apt to occur when the site is partly excavated and 
partly filled, since the filled portion is likely to settle whereas the ground in place is 
not. It is preferable to place the tank either entirely on filled ground or entirely in 
excavated ground. Compacting filled ground may be accomplished to some extent 
in the process of placing the fill, using the Fresno type of scraper and allowing the 
stock to pass back and forth across the fill as much as possible. Sprinkling the loose 
earth with water as it is placed is also effective in compacting it. Rolling successive 
layers of earth with a steam roller or bitulithic tamper during the placing of the fill is 
of course most effective, but is seldom necessary. 

When the site is approximately level and thoroughly compacted, grade stakes are 
driven at numerous points over the surface so that their tops are precisely in a level 
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plane as determined with the aid of a level and rod. Sand or gravel is then spread 
over the site iiriti! a surface coinciding with the tops of the grade stakes is established. 
Occasionally, old steel rails may be embedded in the sand or gravel, flush with the top 
surface, to give greater stability to the foundations. 

Precautions should be taken in selecting material for the final surfacing to avoid 
earth containing alkaline salts, which might cause rapid deterioration of the relatively 
thin bottom plates. The tank bottom should also be protected against saline ground 
waters, which might rise through the foundations and corrode the bottom plates. 
Water leaking through the bottom of the tank from the inside may also form puddles, 
which keep the under surface of the bottom plates permanently wet, causing rapid 
corrosion. Seepage of water from the subsoil may be largely prevented by spreading 
several inches of oil sand over the entire site, using this material instead of ordinary 
sand or gravel in adjusting the tank foundations to final grade. If oil sand is not 
readily obtainable, the completed surface may be oiled and the oil worked in 3 or 4 in. 
with the aid of rakes. 

Steel-tank Construction 

The steel, as delivered by the manufacturer, has been carefully gaged, fitted and 
piinclied, so that nothing but the riveting and calking need be done in the field. 
Eacli 1)1 ate is marked to indicate its position in the tank. Construction of the tank 
begins with the riveting of the bottom plates. These must be supported about 3 ft, 
off the ground until the entire ])ottom is completed. This is necessary, since access 
must 1)6 liad to the lower surface of the bottom plates in the process of riveting and in 
applying a coat of asphaltic or otlier rust-resisting paint after the riveting is com- 
pleted. Su!)staritial timber Islocking or horses ma 3 " be used to support the bottom 
during c()Tistnicticn, usiialh^ until the bottom flange and first ring have been riveted 
in position and tlie work lias been tested for possible leaks b^’' flooding the bottom with 
about 6 ill. of water. If water is not availalile for testing, oil may be pumped under 
t.lie IxittoTO after lowering it to grade, maintaining 6 in. of oil head by holding that 
de|>ih of oil around the edge, inside a temporarj^ earthen dam. 

lu^'^.‘iir;g is preferably accomplished with the aid of pneumatic tools, a small 
portabk^ compressor driven by a gas engine or electric motor furnishing the necessary 
rdr nressiuT-. Tlie bottom plates must be riveted from the inside (f.e., the top side), 
but all otlier riveting is done on the outside of the tank (see Fig. 325), All seams 
aic' ilnu’uugiily calked with the aid of a round-nosed pneumatic calking tool. The 
lioi toin plates and angle-iron joints in the shell and roof are calked on the outside. 
All castings, flanges, etc., riveted to the tank, are carefully calked both inside and out. 
A light timber scaffolding, erected on both the inside and outside of the tank shell, 
aids in erection. Plates are first placed and held in position with bolts through 
occasional rivet holes and then riveted. The character of the joints and the number 
of rows of rivets used depend upon the position of the joint in the tank. • 

To avoid heavy lifting over the edge of the tank shell with possible damage 
thereto, most of the interior equipment of the tank, including the roof supports, is 
placed on tlie tank bottom before erection of the shell. Erection of the roof supports 
proceed simultaneously with the shell, though the rafters cannot be placed until 
the top ring and flange have been riveted in position (see Fig. 326). The roof simply 
rests on the rafters and is not riveted to any supports except at the top flange, where 
it joins the top ring of the shell (see Fig. 327). This construction permits the roof to 
expand or contract under the influence of pressure and temperature variations to 
which it is subjected, without danger of buckling the roof plates or of placing undue 
stresses on the joints. The roof plates are carefully riveted and calked in the same 
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manner as the shell and bottom plates. When completed, the roof should be gas- 
tight, and specifications may prescribe that it show no leaks when tested under an air 
pressure equal to its own weight. .Roof plates must be at least thick to permit 

of calking joints. Some nonstandard designs use a lighter plate and, instead of 
calking, prevent leakage at the joints by inserting a thread ^Sveave/’ previously 
immersed in red lead, between the laps of the sheets before riveting them together. 
This method reduces the cost somewhat, but the material placed between the plates 
deteriorates in time and is no longer efiective in preventing leakage. However, as is 
explained elsewhere in this chapter, it is doubtful, under the conditions imposed, 
whether a calked roof can be maintained secure against gas leakage. 


Fig. 325. — Showing method of assembling shell of large riveted steel tank. 


Tank Accessories 


The bottom ring of the shell, near its lower edge, is equipped with three pairs of 
companion flanges for pipe connections. One of these is for an oil-inlet pipe, one for 
an oil-suction line and the other for a water drain. They are usually 6 or 8 in. in size. 
These connections, being in the side of the tank, do not permit of completely draining 
it. However, this is seldom necessary. To drain the tank completely, a fourth 
flanged outlet may be placed in the bottom, near the edge, connecting with a suitable 
drain pipe iinbedded in the foundation. This too, may be 6 or 8 in. in size. One or 
more manhole or cleanout flanges, 0 in. deep, are also placed in the bottom course at 
a convenient point or points, the flanges being fitted with substaTitial bolted covers. 
Flanged outlets are also placed in thereof to provide access to tlie tank interior or for 
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gaging, for breather relief valves, vapor-recovery-system connections, explosion 
hatches or fire-foam distributing facilities. 

A swing pipe is provided inside the tank to permit of draining oil free of water and 
sediment from the upper portion of the fluid in the tank (see Fig. 315). This is con- 
nected at one end to the suction piping through a swivel joint, which may consist of 
two loosely screwed elbows and a short connecting nipple; or, preferably, the swivel 
way be of special design with gland-packed joints to permit the necessary movement 
without leakage (see Fig. 328). A chain or cable connects the free end of the swing 



Fig. 326. — Interior of 56,000-bbl. tank during construction, showing roof supports. 


pipe with a small hand-power winch, placed either on the roof of the tank or on the 
side near the ground. By means of this wdnch, the swing pipe may be supported in 
any desired position to draw fluid from, an appropriate level in the tank. The swing 
pipe may be equipped with a float placed at the suction end in such a way that the 
float carries the full weight of the pipe, maintaining the oil suction at a constant dis- 
tance below the oil surface. The swing pipe may then only be hoisted with the winch 
when it is desired to elevate the inlet above the oil surface. 

For ready access to the top of the tank, a stairway should be provided of either 
wood or steel, preferably the latter. This should be equipped with handrails on either 
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side and conveniently terminates at its upper end in a small platform 2 ft. below the 
edge of the roof. The gager stands on this platform while taking measurements of 
the fluid in the tank or gathering samples, the gage hatch being within easy reach. 



Outer ring and supporting posts. Inner ring and supporting posts. 

Fig. 327. — Structural details of roof supports for 55,000-bbl. steel tank. 


Some tanks are equipped with steel ladders instead of the more expensive stairways, 
but the convenience and safety of the gager, carrying samples of oil, possibly with 
greasy hands and wearing oil-soaked shoes, should offset the difference in initial cost. 



Fig. 328. — Swivel joint for Fig. 329. — Explosion hatch for steel oil-storage tank, 
swing pipe for steel oil-storage 
tank. 


Tanks must also be provided with one or more breather-relief valves. These are 
placed in the roof of the tank and are so designed that they open and permit escape of 
gas from the vapor space whenever a safe pressure is exceeded; or they open to admit 
air when pressures below atmospheric threaten buckling or collapse of the roof. Such 
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pressure clianges may result when running oil into or withdrawing it from the tank or 
from temperature variations within the tank. Breather-relief valves are weighted 
swing check valves supported by suitable flanged fittings in the roof of the tank. The 
number of valves used will depend upon the size of the tank, character of the oil and 
temperature changes to which it may be subjected. One or more valves may be used 
for pressure relief and others for vacuum relief. Some designs combine both in one. 
Valves may be operated mechanically or by fluid pressure, or they may be controlled 
by springs or weights. 

Where high-gravity oils are to be stored, steel tanks should be provided with 
explosion doors to relieve the tank of excessive pressures, which might cause its dis- 
ruption in case of fire or explosion within. This precaution is particularly important 
in regions where electrical storms are common. It is obviously impossible to design 
explosion doors of sufficient area adequately to relieve the pressure developed in a 
violent explosion where a large volume of gas is mixed with just the proper proportion 
of air to form an explosive mixture. Such a condition, however, rarely exists within 
a tank in which oil is stored, and it is thought that eight explosion doors arranged at 
equal intervals about the roof, each having an area of approximately 9 sq. ft., will 
prevent serious injury in most cases. A good t 5 ^pe of explosion door is of disk form, 
held in position over a flanged hatch in the roof by means of vertical guides.® The 
disk has a flanged edge and develops a gas-tight joint with the hatch flange by means 
of a water seal (see Fig. 329). In case of an explosion, the disk is raised from the 
flange on which it rests b 5 ' the force of the compressed gas and, after release of pres- 
sure, again falls into position, the guides serving to keep it in position over the hatch 
opening. 


REINFORCED-CONCRBTE TANKS 

The use of reinforced concrete in the construction of tanks for oil 
storage was first given serious attention in the United States during the 
years of the World AVar, when sheet metal for steel tankage became almost 
unobtainable. The enforced use of concrete during this period served to 
demonstrate its practicability and engaged the interest of many engineers 
ill the further development of this type of tank. Some engineers con- 
sider it a formidable rival of the conventional steel tank. 

The reiiiforced-concrete tank appears to have certain definite advan- 
tages over the steel tank. Such tanks are not subject to corrosion and 
therefore require no protection against rust-forming agents, whether 
above or below ground. The material is not subjected to electrolysis. 
Reinforced-concrete tanks can be designed to better advantage in resist- 
ing external pressure due to earth pressure or to the hydrostatic head in 
soils developed by ground waters. Concrete tanks can be readily con- 
structed in any unusual shape that may be imposed by the terrain or by 
other fixed objects in the vicinity of the location selected. The low 
conductivity of the material insulates oil stored in such a tank against 
extreme temperature changes, thus retarding evaporation losses in 
summer and making the pumping of oil easier in winter. Aside from 
the matter of more uniform temperatures, evaporation losses can be 
further reduced since a concrete roof can be made practically gas-tight, 
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whereas a steel roof often is not. As a result of lower oil temperatures, 
lower heat conductivity and smaller gas leakage, and also because the 
material does not attract lightning as does steel, the fire risks on oil 
stored in concrete tanks are materially lessened. Furthermore, the 
materials used in concrete construction are often obtainable locally, 
thus eliminating delays arising in the shipment of fabricated steel tank- 
age from a distant supply center. Maintenance and repairs, such as 
painting and calking, often important items in steel tankage, are, of course, 
unnecessary in the case of concrete. A concrete tank probably has a 
longer life than a steel tank. 

Among the important disadvantages that may be mentioned in com- 
paring the reinforced-concrete type of tank with the steel tank are its 
lack of portabihty and greater first cost. The steel tank may be ^^cut 
down” and moved to a newjocation and reassembled, whereas the con- 
crete tank is a fixture and has little or no salvage value in case it survives 
the need for which it was constructed. If steel tankage is readily avail- 
able, it can be more rapidly assembled and placed in service than con- 
crete storage can be constructed. 

Practice in the design and construction of reinforced-concrete tanks 
has not as yet established any particular form or type as standard. Most 
tanks so far constructed are of the cylindrical, vertical-walled type, but 
some are rectangular with sloping walls, after the design of the earlier 
type of concrete reservoirs described in a later section. The roof and 
bottom are generally of flat reinforced-concrete slab construction, but 
occasionally the roof may be arched upward, and in the case of a tank 
buried below ground level, there are certain advantages to be secured 
in designing the bottom as an inverted arch, giving increased storage 
capacity and more effectively resisting upward earth and hydrostatic 
pressures. Practice differs also in the design of the roof supports. 

Concrete tanks are preferably placed below ground in order to secure 
the advantages of lower oil temperatures, smaller evaporation losses and 
better protection against fire. The earth in this case may also give 
"support to the walls, giving somewhat greater security in resisting oil 
pressure. The excavation cost is an added expense, however, which 
must be balanced against the advantages of underground location. 

Accepted practice appears to favor the circular form of tank, which is 
simpler in design and is less susceptible to tensile cracks resulting from 
stress and variable temperatures. One successful designer prefers to 
limit the size to capacities not exceeding 7,200 bbl. (300,000 gal.), since 
it is difficult to construct larger tanks without interruption in the con- 
tinuity of operations, so essential to the securing of a uniform structure 
without construction joints. However, this would seem to depend largely 
upon the resources in plant and personnel of the contractor undertaking 
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the work. Many larger tanks have been successfully constructed (see 
Figs. 330 and 331). 

Impermeability of concrete against oil seepage and absorption is best secured by 
taking adequate precautions against the formation of cracks and by selecting materials 
to produce a mixture of maximum density and miiiimiim porosity. Fuller and 
Thompson* haim suggested a method of determining the proper proportions of 
various-sized ingredients to accomplish this. A mixture of 1 part of cement with 3 
parts of sand, lid parts of Jd-in. crushed rock and parts of 1-in. crushed rock, 
according to the principles established by Fuller and Thompson, should theoretically 
give a mixture of maxinumi densitju This mix has been successfully used in the 
bottom liiiiiigs of some California reservoirs where the concrete could be thoroughly 
tamped. Most designers prefer a l:l3"2-3 concrete, in which the coarse aggregate 
will pass a 1-in. ring. The American Concrete Institute in its specifications for 



Section A'A 


Fig. 330. — Structural detuils and 
general plan of 55,000~bbL roin- 
forced-coiicrete oil tank. 



{After R. C. Hardman, Eng. Netvs- Record.) 


Fig. 331. — Illustrating manner of 
transporting concrete from mixing plant, 
55,000-bbl. concrete oil tank. 


rcinforced-coii Crete oil tanks recommends a concrete of these proportions. Occa- 
sionally, larger sizes of crushed rock in the coarse aggregate will be permitted, 2 in. 
and even 4 in. in some cases, but the desirability of using such coarse material is 
questionable. Hydrated lime to the extent of 10 per cent of the cement used is 
sometimes added to the mix, rendering the concrete more plastic and easier to work 
around the reinforcement and hastening the “set.” It is claimed by some engineers 
that the use of so large an amount of hydrated lime is detrimental to the concrete, 
causing the formation of hair cracks, or even scaling of the outer coating of mortar; 
but tlie practice is defended by some of our ablest designers. 

Care should be taken to avoid an excess of water in mixing the concrete, as its 
strength is seriously affected thereby, and there is a tendency, if a surplus is used, 
for the coarse aggregate to separate from the mortar during its transportation from 
the mixer to the forms. Sufficient water should be used, however, to produce a 
plastic, workable mixture, which will flow sluggishly and which can be worked into 
the forms and around the remforeeinent without leaving voids. 

*The Laws of Proportioning Concrete, Trans. , Am. Soc, Civil Eng., vol. 69, 
p.67,^ 
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It lias been shown in experimental tests conducted by the IT. S. Bureau of Stand- 
ards that properly proportioned and prepared concrete is practically impervious 
to all but the lighter oils. Seepage and absorption losses through concrete linings 
are found to be negligible for oils below 35° in A.P.I. gravity. Losses of kerosene 
and gasoline in concrete coiitainerSj however, may be appreciable ; and this type of 
storage is not to be recommended for the lighter crudes and distillates unless the 
concrete surfaces exposed to the oil are given an oil-proofing treatment. For this 
purpose, silicate of soda (water glass) of 40°Be. density (Baunie scale for liquids 
heavier than water) diluted with 1 to 3 parts of water and applied in three coats 
at 24-hr. intervals has been found effective, though it is not a permanent coating. 
Spar varnish thinned with 20 per cent of “volatile mineral spirits” (a petroleum dis- 
tillate intermediate between commercial kerosene and gasoline) and applied under a 
pressure of 60 lb. per square inch with a paint gun is probably more effective. This 
preparation is also applied in three coats at 24-hr. intervals, using .approximately 
1 gal. to each 200 sq. f fc. in each coat. For oil-proofing concrete fuel-oil tanks, the 
Bureau of Yards and Docks of the U. S. Navy Department specifies two coats of spar 
varnish preceded by one coat of per cent solution of calcium fiuosilicate (about 1 
gal. of the latter to each 100 sq. ft.). 

Petroleum apparently has no detrimental effect upon concrete once it has properly 
set and hardened; but some engineers do not consider it good practice to pla.ce oil 
in contact with concrete until it is 6 weeks old. If necessary to place the tank in 
service earlier than this, it is suggested that the inner walls be given a protective 
coating of one or another of the oil-proofing compounds mentioned above, so that 
hardening of the concrete may proceed without danger of its being deprived of its 
moisture content. The necessity for this practice is questioned by some authorities. 

Design op Reimporced-conciiete Tanks 

The tank must be designed to withstand not only the stresses imposed by the oil 
stored in it, but also those due to its own dead weight and to vcxternal pressure.s — such 
as earth pressure and hydrostatic ground-water pressure against walls and bottom and 
the weight of the earth covering, as well as possible snow and other live loads on the 
roof. Concentration of loads on walls and columns should be avoided as far as 
po.ssible. 

In circumferential walls, the thickness of the concrete should be based on a tensile 
strength of not more than 150 11). per square inch. This allows for a small factor of 
safety, the ultimate strength being generally over 200 lb. per scpiare incli. It is 
difficult to place and compact concrete effectively in a deep and narrow wall form. 
For this reason, even though unnecessary from the standpoint of design, a niinimum 
thickness of 8 in. at the top and 10 in. at the bottom is recommended for all walls. 

For steel reinforcing, which preferably consists of round, deformed bars of medium 
steel, a maximum working stress of 10,000 lb. per square inch above ground, or 12,000 
ib. per square inch below ground, should be allowed. Although the steel naturally 
carries a part of the stress imposed, the walls should be designed as though the con- 
crete were to carry the full load. If concrete in the walls is stressed beyond its ulti- 
mate strength, the walls will not fail because the load will be transferred to the steel 
reinforcement; but the tank will nevertheless fail to serve the purpose for which it 
was built, since cracks will develop and the structure will no longer be secure against 
leakage. Reinforcement in the walls should be placed circumferentially. The 
floor and roof should be reinforced both circumferentially and radially to provide 
against temperature and other stresses. Reinforcement laps should not be less than 
40 diameters at joints. 
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Ordinarily, when the tank is full, the oil pressure on the inside is about twice as 
large as the active earth pressure on the outside. External hydrostatic pressure 
due to accumulated ground water back of the walls probably seldom exceeds 50 per 
cent of the theoretically possible hydrostatic pressure, but it seems preferable to 
assume that the full hydrostatic head may be exerted and allow the difference as a 
safety factor. It is apparent in the case of a tank buried in the earth that the walls 
may receive an unbalanced load from either the inside or the outside, so theoretically 
they should be reinforced on both the inner and outer faces. 

Roof columns in structures of this type do not present any unusual problems 
beyond those encountered in ordinary reinforced-concrete construction. They 
should, of course, be of ample cross section to support the roof load, which can be 
readily calculated. The column footings should be monolithically constructed with 
the tank bottom and should be of sufficient size to distribute the load adequately. 
The tops of the columns and walls should be tied to the roof by the reinforcing bars. 

Expansion joints are necessary when the structure is likely to be subjected to 
abnormal-temperature stresses. They are particularly necessary where the vertical 
walls make contact with the roof, unless the reinforcing in the walls is designed to 
take care of any bending moment that may occur. In tanks placed aboveground 
where elongation of the walls may occur as a result of both temperature and pressure, 
it may be necessary to provide an expansion joint at the base of the walls where 
they connect with the bottom slab. This may be accomplished by building the 
walls on a suitable footing which is independent of the floor resting on it. Building 
paper or a strip of crimped metal plate may be inserted between the slab and wall- 
footing to reduce or prevent leakage at this point. 

If the foundations under the tank are partly filled and there is any possibility 
of settling, the bottom slab may be protected to some extent against cracking by 
reinforcing it with a rectangular grid of concrete, cast monolithically with the bottom 
slab. This construction was adopted in the case of a 55,000-bbl. concrete tank built 
for the U. S. government in the Panama Canal Zone (see Fig. 330). 

Flanges for suction piping, drains, manholes, gage hatches, etc., must be placed 
in the walls and roof during the depositing of the concrete and every precaution 
taken to prevent leakage of oil around such castings. Companion flanges should be 
used, one on either side of the wall, with a connecting nipple cast into the wall. Spaces 
of about 1}4 fn. should be left between the flanges and the concrete, these spaces to 
be later calked with litharge and glycerin or other suitable oil-proofing material. 
It is also desirable to attach a ring to the nipple at its center, about 2 in. larger in 
diameter than the pipe. This ring is cast in the center of the wall and acts as a dam 
around the nipple and is effective in reducing oil seepage which is apt to occur at this 
point. 

Construction 

Construction begins with the excavation and preparation of the foundations, 
which is adequately discussed elsewhere in this chapter in connection with foundations 
for steel tanks and excavations for concrete-lined reservoirs. 

Erection of the forms for the concrete is next in order. The forms should be of 
good material, planed to uniform thickness and width and, for walls, preferably 
tongued and grooved. The material should be carefully joined to ensure smooth 
surfaces and should be well braced so that no distortion during or subsequent to 
placing of the concrete is possible. In the case of circular walls, forms may be held 
in place by circumferential bands. The use of bolts or wires through the concrete 
to hold the reinforcing material in position, or to hold the inner and outer forms 
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together, should be prohibited. The forms should be oiled or thoroughly wetted 
immediately before placing the concrete in them. 

The difficulty of placing and compacting concrete in deep, narrow wall forms 
may be avoided by the use of standardized forms built in movable sections that may 
be raised at 6-ft. intervals as the work proceeds; or the inside forms may be built 
complete, the inside studs and braces placed and the inside lagging nailed on strip by 
strip, in advance of the pouring operations. In the latter case, the concrete can be 
deposited in thin layers and carefully compacted and inspected as each layer is poured. 
The process is continuous, necessitating no interruption in raising the forms. How- 
ever, the forms should not be removed before the concrete has had time properly to 
set and harden, otherwise deflection or actual failure of the work may result. Column 
and wall forms should remain undisturbed for at least 48 hr. after the concrete is 
poured and roof forms at least 7 days. 

The reinforcing material should be accurately bent or curved to templates, care- 
fully placed and rigidly supported in their designed positions. 

The concrete-mixing plant should be of adequate size and capable of continuous 
mixing so that no interruptions in the pouring operations may occur. Conveyance of 
the mixed concrete from the mixer to its place in the work should be by inclined chute 
if possible. Figure 331 illustrates a convenient arrangement by means of which 
placing of the concrete may be accomplished with a minimum of labor and time. 
A semicircular metal chute of somewhat greater length than the tank radius is carried 
at its lower end by a light ladder mounted on two wheels placed to travel circum- 
ferentially, and its upper end is supported by a light tower built at the center of the 
tank. The chute dumps directly into the circular wall forms, and the ladder con- 
struction makes it possible to carry the chute at any desired elevation. This revolv- 
ing chute is fed from a hoisting tower by means of a second stationary chute. 

Depositing of the concrete begins with the pouring of the floor and column foot- 
ings. In placing concrete in floors, it should not be allowed to stand with exposed 
vertical faces where the work is temporarily discontinued. The column footings are 
poured as a part of the floor. Concrete in the walls should be placed in layers of 
12 in. or more around the entire circumference, so that a monolithic structure will 
result. The piling up of concrete in the forms in such a manner as to permit escape 
of mortar from the coarser aggregates should not be permitted. Pouring of the roof 
columns may follow construction of the walls, or may proceed simultaneously there- 
with. A 6-hr. interval should be allowed between completion of the columns and 
pouring of the roof slabs. In all other parts of the work, no break of more than 
45 min. should occur during the pouring of any part of the structure. If the plac- 
ing of concrete is unavoidably interrupted, the previous surface should be rough- 
ened, washed clean and luted with a 1:1 mortar immediately before resuming pouring 
operations. 

The floor and roof should be brought to grade with a straight-edge or strike 
board and troweled to a smooth surface as soon as possible after the concrete is 
deposited. As soon as the wall, column and roof forms are removed, any voids that 
may appear as a result of improper placing and compacting of the concrete are care- 
fully roughened, cleaned, moistened, filled with a 1:K mortar and troweled. Some 
engineers recommend that all exterior walls be painted with asphalt as soon as the 
wall forms are removed. 

After the forms and all waste material have been cleared away, the tank may be 
equipped with its swing pipe, ladders, manhole and vent covers and is ready for serv- 
ice as soon as sufficient time has elapsed for the concrete to harden properly, unless 
it is considered necessary to oil-proof the interior surface as previously described. 
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CONCRETE-LINED RESERVOIRS 

There is little real distinction existing between the reiiiforced- 
concrete type of tank that has just been described and the so-called 
concretedined reservoir. The term is usually applied to con- 

tainers corresponding in capacity to the ordinary sizes of steel tanks^ 
whereas the “reservoir/'’ in the ordinary meaning of the word, is a 
structure of much greater capacity. The chief distinction, perhaps, is 
one of design, the tank being designed with wails — gerieraii^T- vertical — 
of sufficient thickness to withstand ail stresses due to. either internal or 
external loads, vrithout outside support; whereas the concrete used in 
reservoirs is usually regarded primarily as an impervious lining for the 
earthen embankments. In the latter case, the embaiiknients support 
the concrete, which is relatively thin and provided with just enough 
reinforcement to prevent craclving. The walls of the reservoir are 
generally sloping in order to give greater, stability to the concrete and 
embankments under the weight imposed by the oil. The concrete' tank 
may be, as far as the design is concerned, constructed above ground, 
whereas the reservoir must always be below the ground surface. 

GnHmiAL Featuues of Concrbte-lined Reservoirs 

The concrete-lined reservoir for tlie sioi‘ag{: of petroleum, as developed 
and applied chiefly in California, consists iis'iially of a circular or elliptical 
embankment liaving slo[)iiig si<jes, iroin 20 to 26 ft. in iieiglit, the entire 
inner slope of the emb-ank incut and tin- bwci area enclosed by it being 
paved with, a layer of coinu'cle, siibn.'oly j"«?inforeed, 2 to 4 in. in tiiic.kness. 
Diameters- are occasionalijr a;s great as 500 ft,., tlie paved area being in 
excess of 310,000 sq. ft. Capacities commonR range from 500,000 to 
1,000,000 bbl. One California reservoir is elliptical in form, 785 ft. long, 
467 ft. wide and 23 ft. deep. It covers 9,14 acres of ground and provides 
storage for 1,045,500 bbl. of crude petroleum. Another reservoir has a 
capacity of 2,500,000 bbl. The embankment that encloses the reservoir 
is partly developed by excavation of the depression foriiiing the bottom 
a.nd partly built up of loose material derived from the excavation. Tlie 
bottom of the reservoir is thus below the original groiind-level surface, 
and the top of the embankment is some distance above. 

A low conical roof is provided, supported partly on posts resting on 
the floor.of the reservoir and partly on .sills placed in the top of the 
embankment. Drains and gutters of adequate proportions conduct rain- 
fall fro'in the roof and over the sides of the 'embankment. . Oil is led into 
and out of the reservoir through metal pipes of large size, penetrating the 
emba.nknieiit. at about the level of the reservoir bottom... On the inside 
of the reservoir, these pipes terminate, in swing pipes by means of 'which 
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oil may be drained from any desired level. Stairways are provided both 
on the inner and outer slopes of the embankment for ready access. 
Winches controlling the swing pipes and hatches for ventilation and 
gaging purposes are placed on the roof. 

REINFORCED-COlSrCRETE ReSERVOIR CONSTRUCTION 

Drainage. — The character of the soil is particulaiij’’ important in the selection of a 
reservoir site, it being essential that water be excluded as far as possible from the 
embankments. Concrete reservoirs for the storage of oil are not designed to with- 
stand more than moderate earth pressure and hydrostatic pressure from without, and 
consequently no site should be selected that does not lend itself to thorough drainage. 
Water under pressure back of the walls or under the bottom of the concrete lining 
may cause the concrete to crack when the reservoir is empty. Furthermore, water 



(After' C. P. Bowie, U, S. Bur. Mines.) 
Fig. 332.— Excavating for largo oil-storage reservoir. 


flowing through the embankment may wash the earth away, leaving the concrete 
without adequate support. If porous, sandy strata or gravel are encountered during 
the progress of the excavation, thej^ should be removed to a depth of several feet below 
the subgrade and the excavation then refilled to grade with carefully tamped clay or 
other impervious material. The use of drain pipes in the embankments has been 
proposed, but will not be necessary if the site is chosen with due regard to the securing 
of good natural drainage. 

Earthwork. — The site selected for the reservoir must first be cleared of all vege- 
tation, an ordinary road grader being employed to loosen the earth down to the grass 
roots, after trees, stumps, large roots and brush have been removed. Plows then 
loosen the underlying material, which is removed wdth scrapers, alternately plowing 
and scraping, layer by layer, until the subgrade is reached. The bottom is plowed 
to a depth of about 1 ft. below the finished grade, carefully leveled by harrowing or 
by dragging heavy planks over the loosened material, then sprinkled with water 
and rolled with a steam roller. The floor of the reservoir is given a slight slope toward 
a depression called the “swing pit,” near one side of the bottom, into which the 
inlet and outlet pipes are led (see Fig. 332). 
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The walls either are excavated from material in place or must be built up with 
earth excavated from the bottom or from borrow pits in the vicinity. If the material 
is in place and earth must be excavated from the side slopes, a narrow cut is first 
made to final depth around the outer edge, leaving four inclines at quarter points 
*on the circumference for access to the bottom of the reservoir. The material on the 
slopes is then removed by plowing and scraping, until the bottom of the cut is reached, 
care being taken to maintain the desired slope of the .embankment. The final slope 
is then plowed below subgrade, sprinkled and compacted with the aid of a petrolithic 
roller. 

If the embankment must be built of loose material, excavated from the .bottom 
of the reservoir or from near-by borrow pits, scrapers will be used in placing it. The 
embankment is built up in horizontal layers, each layer being moistened with water 
and compacted with the petrolithic roller before the next successive layer is placed. 
The work of placing the material and compacting it can proceed simultaneously, the 
embankment being divided into sections and the two processes of rolling and filling 
on the different sections being alternated. The top and sides of the embankment are 
filled and rolled to form a surface several inches above the proposed finished slope, 
and the material is subsequently scraped off to form a well-compacted surface. Small 
boards placed radially in the embankment, flush with the desired finished surface, 
may be used as guides in trimming the slope. Trimming of the slope between the 
guides is conveniently accomplished by the use of a screed board which spans the 
interval between slope guides. The outside slope of the embankment is thoroughly 
sprinkled with oil to waterproof the material and prevent the growth of vegetation. 
The slope should be re-oiled two or three times each year if this is to be effectively 
accomplished. 

When the embankment is completed and the bottom and slopes are compacted 
and dressed to final grade, excavations are then made for the concrete pillar footings 
that support the roof posts. An excavation in the floor 4 ft. wide and 4 in. deep is 
also made at the foot of the inner slope around the entire reservoir, the function of 
which is to provide a footing for the slope paving. 

Roofing. — Construction of the roof and roof supports should preferably precede 
the pouring of the concrete lining. Since no expansion joints are provided in the 
concrete paving, it is advisable to take every precaution against the development of 
shrinkage or expansion cracks which may result from extreme variations in tem- 
perature. The roof serves to maintain more uniform temperature conditions within 
the reservoir, resulting in a denser, better cured and more homogeneous concrete. 

The post footings must first be poured in the form illustrated in Fig. 333. A 
metal pin is set in the center of the concrete footing, projecting 3 in. above its upper 
surface. The purpose of this dowel pin is to hold the post in position, a hole of 
suitable size and depth being bored in the center of the bottom of each post to con- 
tain the part of the pin that projects above the concrete footing. 

The posts supporting the roof are 6 by 6 in. in cross section and support, on their 
upper ends, 4- by 14-in. loiee-braced girders. The posts being arranged at intervals 
around the circumference of concentric circles (see Fig. 333), the girders become 
chords of these circles and provide points of support for the 2- by 8-in. rafters that 
are placed along radial lines of the same circles. The outer row of rafters rests on 
2- by 12-in. redwood mud sills placed near the inner edge of the top of the embank- 
ment. The roof sheathing is of 1- by S-in. material, surfaced on one side, of assorted 
lengths to break joints and covered with a layer of three-ply graveled asphaltic 
roofing paper. An asbestos-coated metallic sheathing has been successfully used in 
recent installatioMS, instead of wooden sheathing and roofiLng paper. The outer 



STORAGE OF PETROLEUM 


611 


10 ft, of sheathing, around the circumference of the reservoir, is not placed in posi- 
tion until after the concrete for the slopes has been poured. 

Concrete Surfacing. — The principal objective in the design and construction of 
the concrete reservoir lining is to provide a continuous layer of concrete, free from 
shrinkage or expansion cracks and sufficiently thick and dense to prevent seepage 
of oil through it. If properly reinforced, this may be accomplished on suitably 
prepared foundations with a lining of concrete ranging from 4 in. in thickness on 
the bottom to 2 or 3 in. on the upper slopes of the embankment. The pavement is 
monolithic, no expansion joints being provided. 

The concrete is mixed in one or more mechanical mixers located just outside 
or on the top of the reservoir embankment and is carried to its position in the work 
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Fig. 333. — Plans for a 750,000-bbl. oil reservoir of earth, concrete lined. 


by suitably placed elevators, inclined chutes and concrete buggies. For convenience, 
the concrete may be transj^orted to various points on the top of the embankment 
by means of a car operating on a track that encircles the rim. From this car, the 
material may be discharged into inclined chutes on the inner slope, which carry it 
to its position in the embankment or to concrete buggies that distribute it over the 
floor (see Fig. 334). 

The reinforcing material consists of 4- by 4-in. or of 6- by 6-in. mesh of No. 6 
gage wire and is spread over the area to be surfaced before any concrete is poured. 
The reinforcement is in strips usually about 7 ft, wide and 240 ft. long and is laid— 
circumferentially on the slopes — over the entire inner surface of the sides and bottom. 
The strips are lapped one mesh at the joints and are securely wired together. As 
the concrete is poured, the reinforcement is pulled up until it occupies the approxi-'* 
mate center of the concrete slab. 
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In concreting tlie floor, work begins at the swing pit and proceeds lintil the entire 
bottom is poured. Header boards are placed 12 ft. apart, and the 12-ft. strips are 
poured alternately, tamped and given a trowel finish. On tlie slopes, which are 
also laid in 12-ft. strips, the placing of the concrete begins at the top and proceeds 
down the embankment until the bottom is reached. A stiffer mix is used on the 
slopes than is used on the bottom, since thin concrete will tend to flow down the 
embankment to some extent before it takes its final set. A concrete mixture that is 
too thick to flow readily on the slopes will not take a very smooth finish, and some 
specifications call for a thin 1 : 2 grout surface spread with a trowel on the concreted 
slopes. 

The suction and inlet pipes and water drains are imbedded in a slab of concrete 
at the point where they pass through the embankment. Piecautions are taken to 
have the concrete slab of adequate thickness to prevent leakage of oil at this point. 
This and the junction of the slopes with the floor constitute the w^eak points in the 



{After C. P. Bowie, U. S. Bur. Mines.) 

Fig. 334. — Illustrating manner of preparing floor slab and roof-column footings in a large 

oil-storage reservoir. 

ordinary type of reservoir. The latter point is strengthened against possible expan- 
sion cracks by thickening the concrete flooring to 7 in. for a wddth of 4 ft. around the 
entire periphery of the bottom. 

Use of the Cement Gun in Reservoir and Tank Construction. — It has 
been demonstrated on a large scale, in many instances, that cement- 
sand-water mixtures may be successfully used in the building of tanks 
and in the lining of reservoirs with the aid of the cement gun, a device 
that applies the concrete as a spray, using compressed air as the spraying 
agent. Mixtures containing as much as 3 parts of sand to 1 part of 
cement can be successfully used in this way. The resulting concrete is 
hard, dense, impermeable to water and oil and is as strong as concrete 
construction of the ordinary sort if properly applied. 

^^Guuite” wails and slabs as thick as 6 in. have been successfully constructed, but 
the method finds its greatest usefulness in the lining of reservoirs and in oilproofing or 
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waterproofing porous materials. Vertical walls may 
be constructed by this method without the use of 
forms. The steel reinforcement is first erected in 
the form of the structure desired, with the required 
amount of spiral reinforcing material (with hooked 
ends) securely fastened in place. Over this frame 
is placed a heavy wire netting of triangular mesh, 
which serves chiefly to hold the concrete in place 
while setting, but also forms additional reinforce- 
ment. When this steel structure is erected, heavy 
canvas or ducking is stretched over the outside, and 
upon this (working from the interior) a layer of 
concrete from 1 to 1)4 iii- in. thickness is applied by 
means of the cement gun. When this layer has set 
for a short time, the canvas is removed and addi- 
tional layers of cement are applied both from the 
interior and exterior. In this way, the walls are 
built up to the desired thickness, and since each 
layer is applied before the preAdous one has set, the 
result is a thoroughly homogeneous concrete mass. 
The roof is built in the same manner. All outer 
surfaces are given a float finish. A reseiwoir con- 
structed by the Anaconda Copper Company is lined 
entirely with gunite Avitlioiit the use of any stone. 
The bottom of this reservoir is 6 in. thick and is 
doubly reinforced with triangular Avire mesh. 

The cement gun Avould apparently offer a con- 
venient and inexpensive means of constructing a 
» light concrete roof over an oil reser\mir or tank, the 
main Avails and bottom of Avhich pjerliaps can be 
more economically constructed b.y otlmr methods. 
Such a roof could be made gas-tight and fireproof 
and Avoiild have a further adAmntage OAmr the 
Avooden or steel type of roof in assuring lower oil 
temperatures. 


Earthen Reservoirs 


It occasionally happens that the ^Hiring- 
ing in” of an unexpectedly prolific well 
creates a demand for oil-storage facilities 
that the operator is quite unable to meet by 
the usual means. Perhaps it is a jiioneer 
well in a new field that comes in as a 
gusher,” out of control, and a large volume 
of oil is flowing from the well mthout ade- 
quate tankage being available to care for it. 
In such a case, earthen reservoirs may be 
constructed as temporary places of storage 
until tankage can be 
336). 


Fig. 335. — General view of 760,000-bbl. oil-storage reserAmir during construction. 



Fig. 336. — A large earthen reservoir for oil storage. 

reservoir may be completely drained when desired. In order to reduce 
seepage losses, which must necessarily be serious in a reservoir of this 
character, care should be exercised in choosing the site to avoid sandy 
soils, selecting rather a compact soil with considerable clay if possible. 
Since such a reservoir is usually of a temporary character, it is seldom 
advisable to roof it over. The exposed surface being relatively large in 
proportion to the volume of oil stored, evaporation losses will be exces- 
sive. Ground water should be kept out of the reservoir as far as possible 
by digging trenches around it on the upper slopes. The accumulation 
of a certain amount of ground water and rain water will be unavoidable, 
however*— 'particularly if the reservoir site is traversed by a natural 
watercourse— and the water from these sources will tend to accumulate 
in the lower corner or end of the reservoir from whence it must be occa- 
sionally drained by properly placed pipes. 
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The usual method of constructing such a reservoir is to excavate with 
plows and scrapers to a depth of a few feet over a large area, piling the 
earth so removed around the edge of the excavation to form an embank- 
ment, which further increases its depth. If there is time, the bottom and 
walls of the reservoir may be lined with clay and rolled. Such a reservoir 
must of necessity conform more or less to the topography of the site 
selected, sometimes being long and narrow, or perhaps square or circular 
if the ground is level. Occasionally, a dam will be built across some 
natural watercourse, which causes the oil to accumulate over a wide area 
behind it. 

One corner or end of such a reservoir should always be lower than the 
others, and the bottom should be sloped toward the low- spot so that the 
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Pump-suction piping connecting with a pipe-line transportation 
system must be eventually provided, and pipes of adequate size for this 
purpose, equipped with suitable valves, must be carried through the 
lowest corner of the embankment when the reservoir is constructed. 

FACTORS OF IMPORTANCE IN SELECTION OF SITE 
AND TYPE OF STORAGE 

It is usually economical to build the storage plant in large units, 
grouped together in such a way and in such places as will give adequate 
protection against fire, ready accessibility to both the field, the market 






















Fig. 337. — Petroleum storage facilities in the Los Angeles harbor district, California. 
(The tanks and reservoirs shown in this view have a storage capacity of more than 15,000- 
000 bbl. Some tanks hold as much as 178,000 bbl., some of the reservoirs as much as 
2,000,000 bbl.) 

and the transportation facilities, at a minimum construction cost and a 
minimum cost of land. Groups of tanks or reservoirs, which are the 
storage units available, are called storage farms’^ or ^Hank farms’^ (see 
Fig. 337). 

In determining the location of a storage farm, such matters as acces- 
sibility — both for construction materials and oil transportation — 
topography, character of soil and cost of land will be matters of prime 
importance. Selection of a type of storage will involve consideration of 
relative cost and salvage value and degree of protection afforded against 
seepage, evaporation and fire losses. 

Accessibility 

I 

In the construction of steel tanks or concrete-lined reservoirs for oil storage, the 
transportation and handling of a large tonnage of structural materials is necessary. 
Railroads or highways, suitable for heavy motor or horse-drawn vehicles, must there- 
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fore be available. If the site selected is not in or near a city or town, living accommo- 
dations and other facilities, such as water supply, must be provided for the attendants 
who look after the ‘‘farm’’ after it is placed in service. The area selected must be 
conveniently located with respect to the refinery, pumping station or other trans- 
portation terminal that it is intended to serve. 

Topography ^ 

The site selected should be fairly level. Tanks must have a level foundation, and 
since they are often of large diameter, excavation costs will be high if sloping ground is 
selected. Similarly, embankments for a reservoir will be more costly if excavations 
must be made on a hillside. In some cases, however, where gravity flow from the ^ 

storage is desira,ble, an elevated position, perhaps on sloping ground, wdll be deliber- 
ately selected, the additional cost of excavation being offset by the cost of equipping i 

and operating a pumping plant that would otherwise be necessary. I 

Character of Soil 

If tanks are to be used, it wall be important to select firm ground, wdiich wdil not . 

shift under the w^eigbt of the tanks and their contents. In the higher tanks, the i 

weight iniposed w’-ill amount to a ton or more on each square foot. If nmrshy land is 
selected, it may be necessary to prepare supports by driving piles to prevent the tank 
from sinking into or otlierwise displacing its foundations. Wet ground is also detri- 
mental to the steel bottoms of such tanks, particularly if the water is saline. Alkaline 1 

soils may cause rapid corrosion of metal, even though the soil is fairly dry. The soil I 

should be homogeneous in texture, preferably a sandy clay in which clay predominates. j 

Cost of Land I 

Since a large space will ordinarily be required for t,lic storage system, the cost of ! 

the land occ/upied will be a consideration in the selection of a site. This may become 
a factor of transcendent importance if the storage must be located in or near a city, i 

or in other situations where values, as determined by the suitability of the land for ; 

other purposes than oil storage, are high. In such cases, the cost of the necessary 
acreage may amount to 50 per cent of the total cost of storing the oik | 

Because of the fire risk, the area selected for the storage farm should be set apart | 

and not used for other purposes, such as for w-ells, dw-cllings or other oil-field plant. i 

For the same reason, the tanks or reservoirs must be spaced apart sufficiently, and fire | 

wadis or earthen levees must be constructed to prevent fires from spreading from one ! 

container to another (see Fig. 339). Often a section of land on the edge of an oil field, 
near the initial pumping station on the pipe line that carries the product of the field 
to market — acreage wrhicii it is felt certain will never be of value as productive oil 
land— W’ill be the site selected for the field storage. Storage facilities for a refinery 
must ordinarily be locat-ed on a site immediately adjoining the plant, and in such cases , 

land values, even through abnormally high, must ordinarily be subordinated to con- 
venience and economies in operation. 

Steel tanks of 55,000-bbi. capacity, spaced 500 ft. apart, center to center, will 
occupy 5.74 acres per tank. If land is valued at SlOO per acre, the cost will be a little 
over 1 ct, per barrel of storage capacity. Staggering the locations in alternate rows | 

is more economical in acreage occupied than if a rectangular pattern is followed (see 
Fig. 338). Conerete-lmed reservoirs 528 ft. in diameter and 22 ft. deep, having a 
capacity of 750,000 bbk, may be. spaced about 1,000 ft. apart, center to center, each 
reservoir occupying an area of about 13 acres. On the same yaluation per acre 
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assumed in tlie case of steel tanks, the cost of land will be only about 10.0017 per barrel 
of storage capacity. 

First cost and salvage value of the containers provided for storing the oil will be 
important considerations in the selection of one type in preference to another. Steel 
tanks are found to be more expensive, costing from three to four times as much per 
barrel of storage capacity as concrete reservoirs, but they possess, certain advantages 
in lower evaporation and seepage losses which may, in the case of light oils, easily 
offset the additional first cost. Steel tanks in even the larger sizes can readily be 
taken apart and moved to a new location. Consequently their salvage value will be 
much higher than that of a concrete reservoir, which will ordinarily be of little or no 
value when the field that it serves is exhausted. Both types of storage are long-lived, 
the deterioration in each case being scarcely measureable, but it is generally conceded 
that the steel tank has a shorter life. 



Fig. 338. — Illustrating stag- Fig. 339. — Illustrating position of fire 
gered arrangement of tanks. wall about oil-storage tank. 


Seepage Losses 

Seepage losses will be negligible in the case of steel tanks, being confined to small 
leaks between seams, due to inefficient calking or to strain imposed on the plate joints. 
Such losses are also unimportant in properly constructed concrete-lined reservoirs, 
but are generally regarded as more probable through concrete linings than through 
riveted steel plates, especially if cracks develop in the concrete lining due to unequal 
expansion or contraction or to buckling or subsidence as a result of improperly pre- 
pared foundations. 

Evapoeation Losses 

The loss of petroleum while in storage through evaporation is a factor of great 
economic importance, and one that has not received the attention it deserves until 
very recently. Evaporation during storage is particularly noticeable in the lighter 
oils and is variously estimated at 1 to 25 per cent, depending upon the volatility of the 
oil, the temperature, wind velocity, amount of agitation that the oil undergoes and the 
length of time in storage. Investigations of the U, S. Bureau of Mines^^ have shown 
that petroleum of 34® in Baum4 gravity, stored at an average temperature of 78°F., 
in 500-bbl. steel storage tanks, may suffer a loss of 4.5 per cent in bulk during a period 
of storage extending over only 10 days. In filling a storage tank over a period of 5 
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days, with 40-7°B6. oil, at an average temperature of 37°F., with the tank hatch open, 
a loss of 6 per cent in volume resulted, accompanied by a reduction of 2.46° in Baume 
gravity. Although normally the losses will probably be less than this, evaporation 
will still be an important consideration, since the amount of oil so lost represents the 
lighter and more valuable gasoline-forming constituents. The evaporation of even 
1 per cent of the contents of a 55,000-bbl. tank of petroleum represents a loss of 550 
bbL, which, at current refinery gasoline prices, represents a loss of nearly 11,400. 

The temperatures prevailing in oil stored in steel tanks on a hot summer day may 
be sufiicient actually to distill off some of the lower boiling constituents. Vapors 
escaping from the oil accumulate in the free space under the roof of the tank or reser- 
voir until the vapor pressure of the oil is equalized. Once equilibrium is established 
between the vapor pressure of the oil and the pressure of the free vapor above the oil 
surface, no further evaporation occurs unless the vapor is allowed to escape from the 
tank. Generally, the roof of a steel tank is not gas-tight — the covering over a large 
reservoir is seldom so — consequently, vapors escape and evaporation continues 
indefinitely. 

It is apparent that although temperature is an important consideration in this 
process, security against gas leakage is the controlling factor, and if the leakage of gas 
from the container could be prevented, evaporation losses would be much reduced. 
It is seldom feasible to accomplish this. A vent must be provided to prevent the gas 
from developing unsafe pressures within the tank. Air must be admitted or gas must 
be permitted to escape when the oil level rises or falls as oil is withdrawn or added. 
Most reservoirs and many steel tanks are roofed over with wooden sheathing, perhaps 
covered with roofing paper, a type of construction that is never secure against gas 
leakage. Under such circumstances, the wastage by evaporation on a warm windy 
day may account for a substantial loss. Investigations have shown that if the tank 
roof is not secure against gas leakage, evaporation losses are greater on a cool windy 
day than during a hot quiet day. 

Various methods have been proposed and applied to reduce evaporation losses, 
particularly in steel tankage. These will be described in a later section of the present 
chapter. It will be apparent, on comparing the two principal types of oil storage, that 
the steel tank is ordinarily superior to the concrete reservoir in curtailing evaporation 
losses, though the latter would appear to have the advantage of lower oil temperatures. 

Petroleum probably undergoes its greatest loss during the first few days of storage. 
Agitation of the oil during its admission to the tank doubtless contributes largely to 
this result. Once the oil is completely at rest, its evaporation rate will be some- 
what reduced. There is, however, continual vertical movement in stored oil; the 
surface oil, being reduced in gravity by loss of its lighter constituents, sinks and is 
replaced by lighter oil from lower strata. It is apparent that the evaporation rate 
must decrease as time goes on, since the oil is continually decreasing in A.P.I. gravity, 
a change that is indicative of reduction in the amount of low-boiling constituents. 

Fire Risk 

Fire risk is an important element in the selection of a type of storage for large 
volumes of oil. Losses involved in the burning of a large tank of oil are so great 
that their prevention is worth the expenditure of considerable sums. Preventive 
measures include the prevention of gas leakage, provision of lightning arresters, 
isolation of one container from another and devices to prevent overheating. A steel 
roof is obviously more secure against fires from an external source than a wooden 
roof. Although the fire risk would appear to be greater in the case of concrete reser- 
voirs, owing to the frequent use of wooden roofing on this type of storage, the oil 
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temperatures, as explained on page 602, are likely to be lower than those prevailing 
in steel tanks. There are few cases on record of oil fires in large concrete reservoirs, 
and many have occurred in steel tanks; nevertheless, the fire risk is probably greater 
in the case of the reservoir, because of the larger volume of oil commonly stored in it, 
and because of the difficulty of applying fire-extinguishing devices. 

Corrosion of Steel Tanks 

Although exterior rusting of the shells and roofs of steel tanks may 
be largely prevented by occasional painting, their bottoms are subjected 
to corrosion on their undersides by contact with foundation materials 
and contained fluids and on their upper sides by contact with saline 
waters, which settle from the stored oil. Such corrosion is rapid, but it 
is seldom as destructive as the type of corrosion that results from the 
presence of sulphur compounds, which accompany the oil in some dis- 
tricts. Hydrogen sulphide, released from the oil, is particularly active 
in attacking the inner surfaces of metal tanks and fittings, especially 
the undersides of the roof plates. Steel roof plates may last but a few 
years under such conditions. Electrolytic corrosion may also be active 
in some areas and, unless precautions are taken to locate and eliminate 
the source or to offset its influence by appropxdate means, may lead to 
serious damage. Corrosion, of course, is peculiar to steel tankage and 
is not a factor in wooden tanks and concrete tanks and reservoirs. 
Because of this, these materials have a decided advantage where destruc- 
tive corrosive influences exist. 

FIRE PREVENTION AND CONTROL IN OIL-STORAGE 
TANKS AND RESERVOIRS 

In securing protection against fire and explosion hazards in oil-storage 
containers, it is important not only to provide apparatus for fire control, 
but also to adopt such methods of construction and design and such 
precautionary measures as will prevent accidents of this character. The 
advantages of gas-tight roof construction for oil-storage tanks have been 
discussed in a previous section. Gas explosions or transmission of flame 
to the oil surface by burning gas is the immediate cause of all tank and 
reservoir fires. Only by ignition of hydrocarbon vapor "above an oil 
surface may the oil be ignited. Hydrocarbon vapor will burn or explode 
only in the presence of sufficient air to support combustion, and then 
only when brought into direct contact with a flame or sufficiently hot 
spark. Hence, if hydrocarbon gases and vapors can be confined within 
the tank without admixture with air, or if all flame or sparks sufficiently 
hot to ignite gas can be avoided, fire and explosion hazards will be 
minimized. 

Water-top, floating-roof and other forms of gas-tight roof construc- 
tion are important developments in this direction. Breather valves 
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should be connected with 44n. or larger vent pipes to carry released 
vapors to a safe distance before they are discharged into the atmosphere. 
Or, preferably, they may be connected with a vapor-recovery system. 
Earthen dykes or fire walls about storage tanks are customarily provided 
to prevent spreading of fire from one tank of a group to others (see Fig. 
339). Otherwise, collapse of tapks or “boiling over'' of burning oil 
may carry destruction over wide areas. Tanks should be widely spaced — 
preferably at least 600 ft. between centers — -to further minimize this 
risk. Naked lights and electric wiring should not be permitted in the 
vicinity of an oil-storage tank or reservoir, and smoking or carrying other 
than “safety" matches should be prohibited. Light, volatile oils should 
be stored only in all-steel tanks; wooden- and composition-roof tanks 
and large reservoirs are suitable only for storage of the heavier, less volatile 
oils. Areas within fire walls must be drained by pipe lines, passing 
through the base of the embankment, with suitable valve control. 
Areas about tanks and reservoirs must also be maintained free of infiam- 
mable vegetation. Iron sulphide scale, formed b}^ sulphur corrosion of 
tank plates in the presence of moist air, may create sufficient heat to 
cause spontaneous ignition. Hydrocarbon vapors escaping from stor- 
age tanks are often heavy enough to sink to the ground level and accumu- 
late in or flow through near-by topographic depressions. Automobile 
backfires, explosions at near-by compressor plants and static discliarges 
occasioned by moving machinery have been known to ignite such vapor 
“streams," flame rapidly extending through the connecting gas cliannel 
and igniting oil in the tank from which it escaped (see Fig. 340 ). 

Protection against Lighting and Static-electricity Hazards 

Many tank fires are occasioned by static discharges induced by light- 
ning, and to guard against this menace, the tank roof and shell must be 
electrically grounded. The tank roof should be electrically bonded to 
the shell plates by two heavy copper wires, extending from the apex of 
the roof to the shell plates below the top flange, and the shell should be 
effectively grounded by making electrical connections with two l-in. 
pipes placed 180 deg. apart on the tank circumference and embedded in 
moist charcoal or driven to permanently moist subsoil. 

Apparently, few fires are caused by lightning striking the storage tank 
or reservoir directly. Rather, it is believed that lightning discharges in 
the vicinity build-up induced charges in the roof surfaces and that these 
induced charges possess sufficient voltage to arc across small spaces 
between insulated or imperfectly bonded portions of the structure. 
These same spaces also afford paths of escape for hydrocarbon vapors 
communicating with the vapor space under the roof. In the presence of 
air, conditions thus favor ignition of the gas or, perhaps, explosions of 
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air-gas mixtures of sufficient violence to damage the roof plates and 
release large quantities of gas from the vapor space below. It is impos- 
sible to produce, by exterior forces, a difference in potential between two 
objects in a completely enclosed metal tank. Hence, such fires have 
their origin outside of the tank or betw^een the roof plates or layers of 
roofing material.^® 

Static charges may be developed on an oil surface within a tank or 
reservoir by frictional forces resulting from rapidly discharging oil into 
the vapor space of the tank. Such charges may not be promptly grounded 
and if a conducting path should be suddenly provided, as by lowering a 


Fig. 340. — An oil-tank fire. 


steel gage tape to the oil surface and allowing it to contact the grounded 
roof of the tank, static sparks are possible. Injection of steam into steel 
oil tanks, for cleaning or fire-extinguishing purposes, may also build up 
static charges on the oil surface mthin the tank. It is considered 
improbable, ho-wever, that frictional static electricity is a common cause 
of storage-tank fires. 

It is generally conceded that a properly constructed and grounded- 
steel tank with a welded- or riveted-steel roof presents little electrical 
hazard, but tanks and large reservoirs with wooden or composition roofs 
are not so secure. In the vicinity of such structures, protection against 
lightning is often secured by erecting high and suitably grounded rods 
or towers, and accumulation of induced charges on the roof structure is 
minimized by constructing a grounded network of wires above the roof. 


622 


OIL FIELD EXPLOITATION 


Lightning-arresting towers are nsnally of light, latticed construction, 
75 to 200 ft. high, and grouped about the storage area to be protected at 
such intervals that no part of a tank or reservoir is more than four times 
the height of the towers from the base of one of them (see Fig. 341). 
Sometimes such towers are connected by copper wires or cables high 
above the ground, these cables being grounded midway between the 
towers by other cables to the ground. The towers and cables are elec- 
trically bonded to steel pipe or well casings extending below the earth^s 

surface to permanently moist subsoil. Wire 
networks above the roof of a storage reservoir 
may be of welded wire mesh or a system of 
individual wires supported a few feet above 
the roof and radiating, umbrella fashion, from 
the peak of the roof to the eaves where they 
are attached to a grounded cable surrounding 
the structure (see Fig. 342). As a result of 
two costly lightning fires in 1926, nearly all 
the large storage reservoirs in California were 
equipped with tower protection, and in many 
cases, also, with roof network protection. 
Many wooden roof tanks in other regions 
where the lightning hazard exists are also 
equipped mth wire networks. 

Protection against Fire and Explosion 
Hazards by Dilution of Tank 
Atmosphere wuth Inert Gases 

Effective protection against tank or reser- 
voir fire and explosion hazards is secured by 
maintaining an atmosphere of inert gas in 
used for lightning protection the vapor Space between the roof and the 

about California oil-storage qH surface in sucli containers. Boiler-plant 
reservoirs. „ . 

flue gas or exhaust gases from internal-com- 
bustion engines may be used for this purpose. Such gases contain high 
percentages of nitrogen and carbon dioxide, and, after scrubbing to 
remove smoke, sulphur and other corrosive substances, may be conveyed 
through pipe lines to the storage containers and discharged into their 
vapor spaces. As the tanks breathe’^ with changes in temperature and 
barometric pressure or in adding to or draining stored oil, they expel or 
draw in noninflammable inert gas. The protection thus afforded is due 
to deficiency of oxygen to support combustion in the tank atmosphere. 

Normally, mixtures of hydrocarbon vapors and air are explosive when 
the percentage of hydrocarbons ranges from 2 to 6 per cent, maximum 
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explosibility being attained with about 3.5 per cent of hydrocarbon. 
Mixtures containing percentages of hydrocarbon vapor in excess of 6 per 
cent may burn but do not explode violently. In a storage tank or reser- 
voir, inequalities in the concentration of hydrocarbon vapor, due to 
convection currents, gravitational stratification of heavy vapors and 
other irregularities, may prevent uniformity in distribution of hydro- 
carbons throughout the space between the oil surface and the tank roof. 
Under static conditions, where the gas is completely confined and pres- 
sure equilibrium is attained, it is probable that diffusion will accomplish 
a reasonably uniform distribution of the hydrocarbon vapor; but when 


(Courtesy of Johns- Manville Co.) 

Fig. 342 . — ^Lightning-arrester tower and wire-network protection above the roof of a large 

oil-storage reservoir. 

gas is escaping from the tank, the atmosphere immediately above the 
oil surface is probably richer in hydrocarbons than the upper stratum 
immediately under the roof. When the quantity of hydrocarbon ranges 
above 2 per cent, in any part of the vapor space of the tank, in the presence 
of a sufficient supply of oxygen, it must be recognized that an explosion 
or fire hazard exists. 

In one California refinery tank farm,* where inert gases were injected into the 
vapor space of oil-storage reservoirs and tanks to reduce fire and explosion hazards, 
tests indicated that explosions were possible only when the tank atmosphere con- 
tained less than 10 per cent of flue gas, and then only in the event that the percentage 
of air ranged between 65 and 81 per cent. The narrow range of explosibility is indi- 
cated by the triangular graph reproduced in Fig. 343. Table XXXI gives analyses 

See National Petroleum NeivS) Apr. 24:, 1^29 jpp. 
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of the gas normally present in the vapor space of the tanks and reservoirs before 
admission of flue gas and also the constituents of the flue gas used. 

Methods of Extinguishing Oil-tank Fires 
Even though all reasonable precautions are taken to avoid fires and 
explosions in oil-storage containers, they will occasionally occur as a 



Percentage of "tank gas" 

{From a paper by the author in National Petroleum News.) 

Fig. 343. — Graph showing range in percentage composition of flue gas, air and “tank 
gas ” in explosive mixtures. Only gases having a composition falling within the hachured 
area when plotted on this graph, are explosive. 

result of accident or careless infraction of rules. In anticipation of this, 
facilities must be provided for combating tank fires when they occur and 
for confining them to the tank or reservoir in which they originate. 

Table XXXL — Analyses op Tank AtxMosphere and Flue Gas Used in 
Protecting against Fire and Explosion Hazards in Stored Oil 


Gas 

1 Constituents of gas 
normal!}^ present in 
vapor space of reser- 
voir above stored oil, 
per cent 

Constituents of inert 
flue gas, per cent 

Carbon dioxide 

,4 

■1.1.2 

Oxygen. 

15.9 

^ 3.7 

Carbon monoxide . 

.0 

.2' 

Hydroearbons . . 

11.3 

'..0 

Hemainder (chiefly nitrogen) 

72.4 

84.9 
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Effective measures must be taken promptly, during the early stages of 
an oil tank fire, if the tank and its contents are to be saved; otherwise, 
little can be done other than to control the fire and prevent it from spread- 
ing to other near-by tanks and buildings. Application of water in the 
usual vray is useless in an oil fire, though it may be helpful in cooling 
the exterior surfaces of tanks and other structures in the vicinity. For 
extinguishing tank fires during the early stages steam is sometimes used. 
If the tank roof is reasonably secure agamst gas leakage, live steam forced 
into the vapor space above the oil will rapidly smother a fire at the oil 
surface. How^ever, if the fire is occasioned by an explosion that wrecks 
or partly wrecks the roof, the steam can not be confined and is so rapidly 
dissipated by the uprush of flame and gases that it ceases to be effective. 
A more effective method involves rapid application of a fire-resisting, 
viscous froth or foam over the burning oil surface, as described in the 
following section. This also functions to prevent contact of the burning- 
oil surface with the oxygen of the air necessary to support combustion. 
Facilities may also be provided for rapidly draining oil from beneath 
the burning surface, transferring it through a communicating pipe line 
to an empty tank or sump reserved for this emergency use. Although 
effective in combating tank fires, such methods are scarcely applicable 
in large reservoirs because of the difficulty of applying them quickly 
enough over the large surfaces presented to contact with air. 

Extingtiishiiig Tank Fires by Application of Noncombustible Floating 
Froths. — The most reliable method yet devised for extinguishing tank 
fires involves rapid application of a carbonic acid froth over the oil sur- 
face, which blankets the oil, preventing contact with air and depriving the 
flames of oxygen to support combustion. Mixture of a solution contain- 
ing any soluble acid salt with a solution of bicarbonate of soda will liberate 
carbonic acid gas, but to form a semipermanent froth that will withstand 
the heat of the flame, glue, glucose or other viscous materials must be 
used ill one of the two solutions. Most of these organic froth-forming 
substances are subject to bacterial decomposition unless preservatives 
are used. One of the most successful froth-forming agents for this 
purpose is a concentrated licorice extract, patented and marketed under 
the name of ^^Firefoam.^^* This preparation is unaffected by tempera- 
ture changes and is not subject to bacterial decomposition. The follow- 
ing formulas involving the use of this substance are widely used: 

Acid Solution Carbonate Solution 

Per Cent Per Cent 

Aluminum sulphate — ... 13 Sodium bicarbonate 8 

Water...................... 87 Foamite or fire foam , 3 

Water... 89 

* Manufactured by Foamite-Childs Corporation, Utica, N. Y. 
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Equal volumes of these solutions^ properly mixed, will produce six 
to eight times their combined volumes of foam that, on being applied to 
a burning oil surface, expands and spreads rapidly until the entire surface 
of the tank is covered. The froth, furthermore, is resistant to heat and 
will last several hours, or until the oil and tank metal have had time to 
cool below the danger point. 

In the application of this system of fire protection, the acid and carbon- 
ate solutions are kept in tanks ready for use, and a parallel system of 
piping with suitable valve control conducts them separately to each oil- 
storage tank. In time of fire, a high-pressure twin-duplex pump, steam- 
er motor-driven, serves to force the solutions rapidly through the piping 
to any tank of the group. The two lines to each tank terminate in a 
mixing chamber hung on the upper edge of the tank shell, discharg- 
ing froth into the tank at the level of the roof flange. The piping 
system must be designed for prompt control, and the pump must be 
ready for instant service. The froth-forming solutions must be available 
in ample quantity and should be tested occasionally to determine whether 
or not they are in condition for efficient use. For each 55,000-bbl. tank, 
the system should be capable of delivering 535 gal. of each of the two 
solutions per minute; for a 10,000-bbL tank, 110 gal. per minute; and for 
a 1,600-bbl. tank, 50 gal. per minute. The quantity of chemical solution 
necessary to maintain in storage will depend upon the number and size 
of the tanks to be protected, but there should be sufficient to continue 
delivery, at the above rate, for at least 5 min. Where a group of tanks 
must be protected, as in a tank farm, the froth-forming solutions should 
be stored in sufficient quantity to combat fires in several different tanks 
simultaneously. Precautions must be taken against freezing of the 
foam-forming solutions in cold weather; but on the other hand, if steam 
coils are used to prevent this, excessive heating should be avoided, since 
it results in the bicarbonate solution changing over, in part, to the normal 
carbonate, which is less active in its foam-forming properties. 

METHODS OF MINIMIZING EVAPORATION LOSSES IN OIL STORAGE 

The rate of evaporation of vapor from stored oil depends upon a 
variety of factors, such as the amount of low-boiling constituents in the 
oil and their vapor pressure, the pressure vdthin the vapor space of the 
tank, the temperature of the oil surface and extent of change in external 
temperature and rate of conduction of heat through the tank roof and 
shell, the movement of the tank atmosphere as determined by wind and 
security of the roof and tank fittings against leakage, and the diameter of 
the tank, which determines the area of oil surface exposed to evaporation. 
Studies of the causes of evaporation loss of oil stored in steel tanks have 
led to the development of special types of tanks with vapor-tight features 
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designed to minimize this loss. These have been described in preceding 
sections of this chapter. Ebullition of gas escaping from solution in oil 
in flow tanks and storage tanks also occasions loss of heavier vapors. 
Such loss may be reduced by thorough trapping of gas from the oil, at 
atmospheric pressure or less, before placing it in storage. 

Control of storage temperature offers the most direct means of mini- 
mizing evaporation loss. Much may be accomplished in the way of 
reducing temperatures of stored oil by painting the tanks with heat- 
reflecting colors or ^^papering’’ them with metallic foil having this 
property. Still better results are obtained by lagging the outside of the 
tank with terra-cotta tile or wooden sheathing. Sprinkling the sides 
and top of the tank with water has also produced beneficial results, and 
the idea of cooling with water has been further advanced in the develop- 
ment of the water-top tank described in a previous section. Burying 
the tank in an excavation, so that the roof is level with or below the 
ground surface, has been suggested and would undoubtedly be successful 
in reducing storage temperatures. However, the excavation would be 
costly, the tank would be short-lived and earth pressure about the tank 
shell would complicate the design. Systems of vapor storage, in which 
tanks breathe^' vapor into and from a closed system, and vapor-recovery 
systems, which collect all gas and vapor escaping from the oil and sub- 
ject it to treatment to recover the gasoline content, are the most effective 
means of minimizing vapor loss. 

Experiments conducted by U. S. Bureau of Mines technologists have 
shown that the temperature of oil stored in tanks coated with light- 
colored paints is from 5 to 10°F. lower than when tanks are painted with 
dark colors. Dark colors absorb heat, whereas light colors reflect it. 
Because of lower temperature, high A.P.I. gravity oils stored in tanks 
painted with light colors suffer less evaporation loss than when stored in 
tanks of dark color. In one series of experiments, a light naphtha suffered 
a loss of 9 per cent in a tank painted black, whereas under identical 
conditions, the same product stored in white tanks lost only 4 per cent. 
Pale-blue, cream- and tan-colored tanks lost 5 per cent; battleship gray, 
6 per cent; red and green, 8 per cent.‘^^ Aluminum paint has about the 
same heat-reflecting value as white, and is widely used for painting 
storage tanks because of its superior weather-resisting qualities. Very 
thin aluminum foil, attached to the outer surface of the tank plates by a 
suitable adhesive, has equally satisfactory heat-reflecting properties and 
is corrosion resistant. It is, however, considerably more expensive than 
aluminum paint. Dark colors are superior in corrosion resistance, and 
to serve all purposes, some authorities recommend a primer of a paint 
especially selected for its corrosion-resisting qualities with a finish coat 
of aluminum or white paint for heat reflection. Light-colored paints 
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are discolored by sulphur corrosion, and oil-stained light-colored surfaces, 
which may result from the overflow of tanks, are unsightly. Under either 
condition, the heat-resisting qualities of the light-colored surface are 
seriously impaired. 

Tanks “lagged” or “shedded” with an outer protection of wood, 
terra cotta or other material, which makes it possible to surround the 
tank with an air space or a layer of other nonconducting material, such 
as sawdust or asbestos “wool,” are particularly efficient in minimizing 
evaporation losses of gasoline and other light distillates. Tile protection 
has been used to some extent on tanks in which especially volatile prod- 
ucts are to be stored, generally in and about refineries. However, this 
material is expensive and, because of its weight, cannot be used economi- 
cally as a roofing material on tanks of large size. Wooden sheathing has 
the advantage that it may be applied to the roof as well as the cylindrical 
shell of the tank and, if sawdust or a layer of heavy roofing paper is 
placed between the sheathing and the metal surface of the tank, is 
probably as effective in its nonconducting properties as tile. Wooden 
sheathing undoubtedly adds to the fire risk however, whereas tile is an 
added protection against fire. Corrugated asbestos-coated steel housing 
has been used effectively by one refining company about 65,000-bbL 
tanks. The “jacket” encloses the tank completely, leaving an air space 
between the shedding and the walls and roof of the tank. For each tank 
jacket, 5 tons of steel and 3,000 sq. yd, of asbestos sheathing were required. 
It is claimed that the cost was soon offset by savings in evaporation loss. 

Water cooling of oil-storage tanks is probably as effective as any 
other method of reducing evaporation loss. Water-cooling devices take 
the form of revolving sprinklers mounted on the peak of the tank roof 
or of actual submergence of the roof under water. In the former case, 
cooling of the tank is effected by evaporation of water spread in a thin 
film over the entire roof and shell of the tank, whereas in the case of the 
water-top tank, evaporation losses are reduced not only by the main- 
tenance of lower temperatures, but also by absolutely preventing leakage 
of gas through the tank roof. The cooling effect in the latter case may 
be enhanced by circulating the water used through a louvre tower or 
cooling pond with the aid of a pump. Neither of these water-cooling 
devices has found extensive use, though they are occasionally met with 
in and and about refineries and natural-gasoline-extraction plants for 
storage of light distillates. ■ ' 

An effective method of minimizmg evaporation losses from stored oil 
involves connecting all of the storage tanks of a group by a system of 
piping with a large gas-storage tank or “gasometer” so constructed as 
to equalize gas pressures throughout the group. Every effort is made to 
keep the tank roofs tight, and such readjustments in gas volume as may 
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be necessary to offset variations in level of the oil in any tank are com- 
pensated by discharging into or drawing gas from the gas-storage system. 
Changes in gas volume for the system as a whole, occasioned by with- 
drawals or additions of oil or change in temperature, are accommodated by 
readjustments in the position of the floating element of the gasometer. 
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{Courtesy of Chicago Bridge <& Iron Works.) 

Fig. 344. — Sketches illustrating use of Wiggins “balloon” in reducing breathing losses from 
oil-storage tanks. Upper sketch illustrates method of operation of relief valve. 

Oil in the tanks is thus always blanketed by an atmosphere saturated with 
oil vapor, so that there is little tendency for further release of vapor from 
the oil. Breather bags’^ or gas-tight fabric or steel baUoons may be 
used to retain the surplus gas and vapor instead of a gasometer (see 
Fig. 344). These expand and contract as the gas volume varies. Bags 
with storage capacities as great as 18,000 cu. ft. have been manufactured 
for this purpose. 
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Vapor-recovery systems, designed to convey all excess oil vapor 
released within the storage tanks to a recovery plant where the gasoline- 
forming vapors are condensed and recovered, have been described in 
Chap. VIL Dry gas discharged from the recovery plant may be burned 
under boilers or used as a fuel in internal-combustion engines so that there 
is little or no wastage. 

METHODS OF MINIMIZING CORROSION OF STEEL STORAGE TANKS 

Corrosion of steel tanks may result from (1) direct oxidation in the 
presence of air and moisture; (2) the presence of active electrolytes, which 
attack metal in the water settling from the oil on the bottom of the tank 
and accumulating against the underside of the tank bottom within the 
foundation soil; (3) sulphur compounds in the oil — particularly hydrogen 
sulphide, which is released in gaseous form, attacks the tank ihetal, 
forming iron sulphide, and combines with moisture in the air to produce 
corrosive sulphuric acid; and (4) galvanic corrosion, an electrochemical 
effect, which results from a difference of potential created between differ- 
ent portions of the tank or substances in contact with the tank. 

As is well known, iron and steel rust in contact with air, particularly in 
moist climates. This type of corrosion may occur on the outside surfaces 
of the tank and within the tank above the oil surface. Waters produced 
in association with petroleum often contain dissolved salts that, under 
suitable conditions, will form acids that attack the tank plates. Like- 
wise, impurities present in the oil, such as hydrogen sulphide, will, on con- 
tact with the moist air, form iron sulphide and sulphuric acid, both of 
which cause rapid disintegration of the tank metal. Active electrolytes 
in the water layer, beneath the stored oil, attack the upper surface of the 
tank bottom, and saline waters in the subsoil, gaining contact with the 
underside of the tank bottom through the pore spaces of the earth or 
sand foundation on which the tank is erected, may also be destructive 
by similar processes. Sulphur corrosion is particularly destructive in 
its effect on the interior of the tank, especially the under surface of the 
roof and that part of the shell that is in contact with the vapor space 
above the oil level. Galvanic action, causing local “ pitting of steel 
plates, results when an active electrolyte is present, containing a sub- 
stance that is electronegative to the tank metal. A flow of electricity is 
thus created, which causes slow solution of the tank metal. Iron sul- 
phide scale, formed by hydrogen sulphide, iron oxide mill scale or mere 
differences in composition of different portions of the metal plates, 
rolled sections, rivets or bolts comprising the tank shell and its fittings 
may be sufficient to create galvanic action. 

Exterior corrosion is mininaized by occasional painting of the tank 
shell and roof. Both sides of the bottom are customarily painted before 
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lowering it to the foundation grade, and the exterior of the shell and 
roof are painted after construction of the tank is complete. For this 
purpose, a heavy-bodied asphaltic paint is used and the exterior may 
later be given an additional finish coat of white lead or zinc, often carrying 
flake metallic aluminum in suspension. The metal surfaces must be 
thoroughly cleaned of scale and other foreign material before applying 
paint, otherwise the paint may crack or blister and flake off, leaving the 
metal surface exposed. Cleaning of plate surfaces, preparatory to paint- 
ing, may be effectively accomplished by sand blasting. 

Ordinary paint is scarcely effective in preventing corrosion where 
severe chemical action or galvanic effects are involved. In such cases, 
more complete protection is afforded the upper surface of the bottom by 
spreading over it a layer of molten asphalt, neat cement or concrete an 
inch or two thick. Spreading concrete over a tank bottom is a convenient 
method of reconditioning a tank when corrosion has proceeded so far that 
leakage is imminent. Asphalt, being slightly soluble in crude petroleum, 
must be protected from contact with oil by maintaining a layer of water 
in the bottom of the tank. In anticipation of corrosion damage, some 
degree of protection against early failure of the tank may be had by 
constructing the bottom of plates sufficiently thick to withstand a 
moderate amount of surface corrosion without leaving them ineffective 
in meeting their required function. Corrosive waters accumulating in 
the bottoms of storage tanks should be frequently drained and the residue 
diluted with fresh water. Where waters are of acid character, sodium 
carbonate or other alkaline substances may be added to offset acidity. 

The undersurface of the roof and interior of the tank shell above the 
oil surface may be protected against sulphur corrosion by “ papering 
with aluminum foil, using an oil-resistant adhesive to cement the foil to 
the steel-plate surfaces. In some cases, where sulphur corrosion is espe- 
cially troublesome, aluminum plate has been used for roofs and top 
rings of storage tanks, but aluminum plate is much more costly than 
steel.' Some producers prefer to use wooden roofs where sulphur-bearing 
oils are to be stored, rather than incur the heavy loss involved in rapid 
destruction of steel. 

Where galvanic action is troublesome, cathodic protection, such as 
that described in Chap. X for use in protection of pipe lines, may be 
employed. An alternative method involves supporting bars of zinc in 
the water layer a few inches above the bottom of the tank on noncoiiduc- 
tive supports with electrical connections provided between the zinc and 
the tank roof. Zinc is electropositive to iron and steel, and when used 
in the way suggested, the galvanic activity is absorbed by the zinc rather 
than the metal of the tank. Careful selection of tank metals, rivets, 
fittings and other material in the tank bottom and shell to avoid marked 
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differences in chemical character will assist in minimizing self-induced 
galvanic effects. 

COST OF OIL-STORAGE TANKS AND RESERVOIRS 

Steel oil-storage tanks have, in recent years, cost 30 cts. to $4 per 
barrel of storage capacity, depending upon size, location and type of 
tanks. Large reinforced-concrete reservoirs for oil storage have been 
constructed for as little as 11 cts. per barrel. 
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CHAPTER X 

TRANSPORTATION OF OIL AND GAS 

Transportation of oil and gas begins at the well. Oil must be moved 
from the well-head through traps, flow tanks, the gathering system and 
perhaps a dehydrating plant to lease-storage and shipping tanks. Here 
the oil is delivered by the producer to transportation interests that move 
it by pipe line, rail, ship, barge or truck to the refiner. Natural gas pro- 
duced in association with liquid petroleum is moved from the well-head 
or gas trap by the lease gathering system, often to a near-by natural- 
gasoline-extraction plant. “Dry^^ gas, stripped of its gasoline content, 
is then transmitted back to the wells for gas lift or repressuring operations 
or for field-power development purposes; or, it may be sold for carbon- 
black manufacture or to a gas company that compresses and transmits it 
by pipe line to a utility market, which may be hundreds of miles distant 
from the field where the gas is produced. 

This movement of gas and oil comprises, in itself, an engineering 
industry of great magnitude: an industry that is commonly regarded ais a 
separate major division of the petroleum industry. The transportation 
phase of the oil industry might also be considered to include movement 
of refined products from the refinery to the consumer, but there is a 
natural line of demarcation between transportation of crude oil and 
natural gas on the one hand and refined products on the other. The 
present chapter, being a part of a treatise concerned only with the produc- 
tion phase of the petroleum industry and closely related aspects, will 
review the methods and describe the equipment used in transporting 
the products of the producing property, that is, crude petroleum and 
natural gas. Although emphasis will be placed on aspects of the trans- 
portation problem that are commonly under the control of the producing 
interests, yet in a volume of this character, we may not ignore the closely 
related activities involved in operating field gathering systems and trans- 
portation to the points of primary utilization. 

PIPE-LINE TRANSPORTATION OF CRUDE PETROLEUM 

Though the railroad tank car, the inland river and lake barge, the 
ocean-going tank ship and the motor truck share to an important extent 
in the business of transporting crude petroleum, by far the most impor- 
tant factor in modern transport of crude petroleum is the oil pipe line. 
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Practically all movement of oil from the well-head to the shipping point 
is accomplished by field-gathering lines, and a large part of the crude is 
moved by trunk pipe lines from the field shipping points to the refineries. 

Histokical Development of the Oil Pipe Line 

Transportation of crude petroleum through pipe lines was first accom- 
plished in the Oil Creek District of Pennsylvania in 1865. Prior to this 
time, petroleum had been transported at great cost in barrels, with the 
aid of wagons, carts and small boats and barges. Though entirely suc- 
cessful, the pipe line was used during the early years of its development 
only in moving oil from the wells to near-by railroads, long-distance 
transport being accomplished by means of the railroad tank car. Later, 
when the oil industry was freed to some extent from the dominating 
influence of the railroads, trunk pipe lines were constructed, connecting 
the Pennsylvania fields with the important refining centers of this region. 
Success of these early lines and important reduction in transportation 
cost effected by thein, in comparison with the cost of railroad transporta- 
tion, soon led to universal acceptance of the pipe line as a means of trans- 
portation in preference to all other methods. Since that time, one of the 
first considerations of the interests in charge of the development of a 
new’’ field has been the provision of pipe-line facilities of adequate capacity 
to carry the product to a refining center or other distributing point. 

Discovery of new^ oil fields in many widely scattered regions of the 
United States and necessity for distributing petroleum among many of 
the more important industrial centers of the country have brought about 
gradual development of the present-day pipe-line system. In 1931, 
there w^ere nearly 112,000 miles of pipe lines serving the petroleum indus- 
try of the United States, about 58,000 miles of which were classified as 
“trunk lines ” engaged in long-distance transport of oil from the producing 
fields to refineries and trans-shipping points, whereas the balance were 
“gathering lines” used in moving crude from the wells to the field ship- 
ping points. In 1934, nearly 593,000,000 bbl. of crude petroleum were 
transported by the trunk lines, a volume sufficient to fill a train of 
American-type railroad tank cars more than 40,000 miles in length. 
The total investment in oil pipe lines in the United States is said to 
exceed one billion dollars. 

In addition to an intricate system of pipe lines serving the Appalachian 
region, six systems connect fields of the mid-continent and Gulf Coast 
regions in Oklahoma, Texas, Louisiana and New- Mexico with important 
refining centers in the vicinity of Kansas City, St. Louis, Chicago, Cleve- 
land and Philadelphia and with Galveston, Port Arthur and other Gulf 
Coast ports. One of these pipe-line systems extends to the Atlantic 
seaboard and for a time carried oil from the mid-continent region to 
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refining centers in New Jersey, a distance of about 1,500 miles. Another 
line extends from oil fields in the vicinity of Casper, Wyo., to a connection 
with one of the mid-continent systems in the vicinity of Kansas City. 
In California, several isolated pipe-line systems, aggregating upward of 
5,600 miles of trunk lines, connect inland producing fields with Pacific 
Coast refining centers and shipping points. 

Although by far the greater part of the world^s pipe-line mileage is 
located within the United States, there are notable oil pipe lines in other 
parts of the world. One of these connects Baku, the Caspian Sea port 
in southern Russia, with the Black Sea port of Batum, traversing a dis- 
tance of 550 miles through one of the most rugged regions of eastern 
Europe. In 1934, one of the workhs most notable pipe-line systems was 
completed, aggregating about 1,150 miles in length, connecting oil fields 
in Iraq with the Mediterranean Sea ports of Haifa and Tripoli. Another 
important pipe line connects the Infantes field in central Colombia 
with the Atlantic coast port of Cartagena, largely through tropical jungles. 

Principal Features of Oil Pipe-line Transportation Systems 

Only when considerable difference in elevation exists between the 
two ends of a pipe line and there is a more or less continuous downward 
slope can oil flow through it unaided. Usually, pump pressure must be 
imposed at the upstream end, thus creating a pressure differential between 
the intake and delivery ends of the line that will accomplish flow at the 
desired rate. The pressure, thus imposed, is dissipated in overcoming 
frictional losses that are more or less directly proportional to the distance 
traversed. If the line is a long one, additional pumps must be installed 
at intervals to restore pressure to the oil. If the oil is very viscous, it 
may be preheated to reduce its viscosity, ^'hot-oiP^ pumping being com- 
mon in regions where the more viscous oils are produced, as in the San 
Joaquin Valley fields of California. Initial temperatures as high as 
180°F. are sometimes necessary. 

Pipe lines range in diameter from 2 to 12 in., most of the trunk lines 
being 6 to 12 in., whereas the gathering lines range from 2 to 6-in., 
depending upon the capacity required. Four- and six-inch sizes have 
been widely used for gathering lines, whereas 8 in. has been used more 
than any other for trunk lines. Much of the pipe used in early lines 
was so-called “line pipe,^’ a lap-welded steel pipe with threaded coupling 
joints and longer-than-normal collars. Such lines are capable of with- 
standing operating pressures of 800 lb. or mo^'e. Individual joints 
average 20 ft. in length. More recently, seamless and electrically welded 
pipe, capable of withstanding 1,200-lb. operating pressure, have been 
widely adopted for oil pipe-line service; and the joints, 30 or 40 ft. long, 
are butt welded, end-to-end, in the field, without the necessity for cutting 
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threads or providing collars. Pipe lines sometimes vary in size, increas- 
ing in diameter toward the low-pressure end of each pumping interval; 
or they may be “looped,” two or more parallel lines being occasionally 
connected by laterals. Capacities of individual pipe lines range up to 
50,000 bbl. per 24 hr., depending upon the pipe diameter, oil viscosity 
and pump pressure imposed. Pipe lines are usually buried 1 to 3 ft. 
deep in an earth-filled trench and are customarily painted or wrapped 
with corrosion-resisting material. 

Oil pumps used in trunk-line service may be either of the reciprocating 
or centrifugal type and may be driven by steam, gas or Diesel engines or 
electric motors. Centrifugal pumps are used only in pumping the less 
viscous oils. Individual pumps range from 12,000 to 48,000 bbl. in 
daily capacity. Pump pressures imposed seldom exceed 800 lb. per 
square inch. Pumping stations are spaced at distances apart ranging 
from 12 to 60 miles, depending upon the resistance to flow offered by the 
pipe line. Rates of travel of oil through the pipe lines range from 1 to 
5 miles per hour. When reciprocating pumps are used, facilities are 
provided for storing oil at each pumping station along the pipe line; 
each station, and the interval of pipe line connecting it with the next 
station, being operated as a separate unit, but under instructions from 
a dispatcher who is in telephonic communication with all stations. 
Centrifugal pumps may be more directly connected in the pipe line, 
their function being merely to increase pressure and keep the oil flowing. 
Hence, there is no necessity for storage facilities at each station when 
centrifugal pumps are used. Each pumping station has its own operating 
personnel who live near by, though it is possible to design the pumping 
equipment so that it may be operated by remote control from the dis- 
patcher's office. Line walkers patrol the line and repair crews must be 
available to give prompt service when breakage of pipe lines or pumping 
equipment occurs. 

Flow of Oil through Pipes: Theoretical Considerations 

When oil is pumped through a pipe, its transmission is opposed by fric- 
tional resistance to flow, which is a product of two factors. The first 
of these is the frictional resistance developed between the inner wall of 
the pipe and the outer cylinder of oil making contact therewith. The 
second is due to the internal resistance to movement of the oil itself, 
the fluid friction resulting from many oil surfaces sliding over each other 
throughout the entire cross section of the pipe. Viscosity is a measure 
of this internal resistance of a fluid, by which it opposes movement of 
its parts with respect to each other. The magnitude of the resistance 
offered by these frictional forces will depend upon the length of the pipe 
through which the oil is pumped, the velocity of flow, the condition of 
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the pipers inner surface and the viscosity of the oil. The latter property 
will vary within wide limits with changes in temperature of the oil. In 
addition to frictional resistance, if the oil must be pumped to a higher 
elevation than its source, energy must be expended in lifting the oil. 
The elements of this latter phase of the problem include the height of 
lift, the density of the oil and the rate of flow. 

The motivating agent enabling the oil to overcome these several 
resistances to flow is the pump, which imparts a certain initial pressure 
to the oil by virtue of which it moves through the pipe until the pressure 
imposed by the pump is entirely consumed by‘the resisting forces. For 
a certain rate of flow in a given pipe line, the oil may be transported 
only a distance determined by the pipe-line resistance. If it is desired to 
move it further, the oil must be given new impetus by passing it through 
a second pump; or, we must be content with a lesser rate of flow. The 
pressure loss per unit length of pipe is seen to be a quantity of prime 
importance in ail pipe-line calculations. When this is known for a given 
size of pipe, rate of flow and viscosity and density of oil, it will be possible 
to calculate the distance through which oil may be transmitted with a 
given initial pressure, or the necessary initial pressure to accomplish 
transmission over a given distance may be determined. 

Viscous Flow 

Oil tends to adhere to any metal surface with which it may come in 
contact. Because of this tendency, when oil flows through a pipe, a 
cylindrical oil film forms on the inner surface of the pipe. At low speeds 
of oil flow within the pipe, this outer film is supposed to be almost sta- 
tionary because of the adhesive force exerted between the metal and 
oil surfaces. Within this stationary or slow-moving cylindrical film 
of liquid slides another licj[uid cylinder, also at a relatively slow speed 
because of its contact with the outer stationary film. Within this second 
cylinder slides a third at somewhat higher velocity; within that, another 
moving still faster, and so on, until at the center of the pipe, the maximum 
velocity is reached. If we represent these cylindrical films by lines drawn 
in the axial cross section of the pipe and indicate their respective veloci- 
ties by arrows drawn to scale, we obtain the result indicated in Fig. 345 
The line connecting the points of these arrows is seen to develop a curve 
of sharp hyperbolic form. * The general form of this curve for any given 
pipe depends chiefly upon the quantity of oil flowing. It will have prac- 
tically the same shape regardless of the condition of the inside surface 
of the pipe or the viscosity of the oil. The average velocity throughout 

^Standard 0^7 Bwtom (California) Pipe-line Transportation of Oil, issues of 
November and December, 1917, and January, February and March, 1918.^ 
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the cross section of the pipe will be about half that of an oil particle at the 
center. 

As long as this simple orderly condition of affairs exists within a pipe, 
the computation of pressure loss is a comparatively easy matter. It 
varies directly with the speed. In other words, with ^Sdscous fiow,^^ as 
, this orderly type of flow is called, if w^e double the pressure that we apply 
at one end of a level pipe line, the oil will flow through the line twice as 
fast and we can get twice as much through in a given time. 

Critical Velocity and Turbulent Flow 

As the flow velocity increases, however, it is found that the orderly 
system of flow just described is no longer follow^ed. Eventually a speed 
known as the ‘^critical velocity” is reached, where ^ turbulent flow” 
supercedes viscous flow — the cylindrical oil films, unable to slide rapidly 
enough upon each other, are turned inside out upon themselves, and a 
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Rig. 345. — Illustrating viscous flow. 

confused, eddying, swirling movement of liciuid particles results (see 
Fig. 346). Probably the rough interior surface of the pipe is largely 
instrumental in indiicing turbulence. The net result is a tendency to 
equalize the velocity throughout the pipe so that at an axial cross section 
the velocity profile has a rather blunted appearance. 

When the critical velocity is reached, certain very definite indications 
are in evidence. The most noticeable indication is that a considerable 
increase in pipe-line pressure does not result in a corresponding increase 
in the rate of flow. In other words, this eddying or swirling motion, which 
we have called turbulence, results in serious loss of energy; that is, the 
internal resistance of the liquid to movement is increased. Much of 
the initial pressure imparted to the oil by the pump is used up in restoring 
energy to particles that have been stopped by collision, and, as a result, a 
given initial pressure can force much less oil through the line than it could 
if the flow were nonturbulent. The energy of motion possessed by any 
flowing particle of oil varies with the square of its velocity. Hence, the 
energy consumed in restoring velocity to particles that have been stopped 
during turbulent flow depends on the square of their velocity. In other 
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{After Standard Oil Bulletin.) 
Fig. 346. — Illustrating turbulent flow. 
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words, 5f resistance due to turbulence were the only resistance to overcome 
in forcing liquids through pipes, doubling any given rate of flow would 
require four times the pressure. 

Flow Calculations 

It is well established, as the result of a number of independent investigations, 
that Poiseuille's formula holds for viscous-flow conditions. Expressed in convenient 
engineering units, this formula is as follows:* 


P = 


0.000668 ZLV 
D^S 


( 1 ) 


in which P is the pressure drop in pounds per square inch; Z is the absolute viscosity of 
the oil in centipoises (relative to water at 68°F.); L is the length of the pipe in feet; 
V is the average linear velocity of flow through the pipe in feet per second; 8 is the 
specific gravity of the oil; and D is the inside diameter of the pipe in inches. 

A formula commonly used for turbulent-flow computations is that of Fanning, 
which may be expressed in either of the following two forms: 


P == 


P = 


0.323 /L/SF^ 

D 

OmBS fLSQ^ 
2)5 


(2) 

(3) 


In these formulas, P, S, L, F and D have the same significance as in Poiseuille^s 
formula given above. Q is the flow in U. S. gallons per minute; and / is a friction 
factor which is a function of the ratio of DVSIZ. It appears that if / = 0.00207 
(Z/DVS)j Fanning’s equation becomes identical with that of Poiseuille. It is there- 
fore possible^ by selecting proper values for/, to use Fanning’s equation for calculations 
in both viscous and turbulent flow. Furthermore, since all fluids obey the same laws, 
these equations are applicable to computations of flow of other liquids than oil, as 
well as to gas flow. 

As a result of a series of experiments conducted by the National Physical Labora- 
tory of London, the Research Laboratory of Applied Chemistry of the Massachu- 
setts Institute of Technology f and several individual investigators, values for / 
have been determined for oil flow through commercial pipes over a wide range of 
values of 2), F, S and Z. These are reproduced in the graph given in Fig. 347. 

Varying results are obtained in tests made within the region of critical velocity, 
the change from viscous flow to turbulent flow, or vice versa^ coming at different 
velocities with slight variation in surrounding physical conditions. Laboratory inves- 
tigation within the critical-flow region has shown that viscous flow has a marked 
tendency to perpetuate itself under conditions where turbulent flow would normally 
be expected; hence the dip in the curve (Fig. 347) connecting the viscous-flow curve 
with the turbulent-flow curves. Most authorities agree that if the critical region is 
approached by gradually lowering the velocity from the turbulent-flow side, the 
tendency is to follow the turbulent-flow line without deflection to a direct intersection 
with the straight viscous-flow line. Increasing the velocity from viscous-flow condi- 
tions, however, may result in the viscous-flow curve perpetuating itself beyond the 

* Wilson, R. E., McAdams, W. H., and Seltzer, M., The Plow of Fluids through 
Commercial Pipe Lines, Jour. Ind. Eng. Chem.^ vol, 14, pp. 105-119, February, 1922. 
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upward to meet the normal turbulent-flow line. It would appear preferable, in the 
practical solution of flow problems, to assume that the turbulent-flow curve extends 
directly (as shown hj the dotted line in Fig. 347) to its intersection with the viscous- 
flow line. This simplifies the calculations, and if the resulting calculation is slightly 
in error, it will be on the ‘^safe^^ side. 


GRAPHS GIVING FRICTION 
COEFFICIENTS FOR USE IN 
CALCULATING THE FLOW OF 
FLUIDS THROUGH PIPES 

The graphs give values of f 
in the following variations of 
Fanning's formula: 

(I) p- 

a p. 

In these formulae, 

P= Pressure drop in lbs. per sq. in. 
f = Friction coefficient 
Length of pipe line in feet 
S = Specific gravity of fluid in 
terms of water os unity 
V* Average linear velocity of 
flow of fluid in ft per second- 
D = Inside diam.of pipe in inches 
Z - Absolute viscosifyoffiuid 
expressed in centipoises 
Q = Flow in gallons per minute 
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(After Wilson, McAdams and Seltzer in Ind. Eng, Chem.) 
Fig. 347. — Graphs giving friction coefficients for use in calculating flow of fluids through 

pipes. 


Flow computations, with the aid of formulas (1), (2) or (3) on page 641 and the 
graphs in Fig; 347 giving values of/, are conducted as follows: 

1. Calculate the value of DVB/Z (or its equivalent OAOSQS/DZy if Q is known 
rather than V). 

2. By referring to the graph, Fig. 347, find the value of / which corresponds to this 
value of DVS/Z; if Q is known rather than V we may substitute for V its equivalent 
0.4080/D®, in which case the expression DVS/Z becomes OAOSQS/DZ, 

3. Insert this value of/ in either equation (2) or equation (3), page 641, and solve 
for whatever variable may be unknown. 

Accurate results should not be expected from these formulas when the pipe line is 
less than 5Q0 diameters in length, when the pipe is badly corroded or tuberculated on 
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its inner surface or when there is any tendency to separate out solids (such as paraffin 
wax) on the walls of the pipe. 

If the pipe line contains elbows, these will be equivalent, in resistance offered to 
flow, to about 30 diameters of the pipe for each elbow. 

Determination of Absolute Viscosity. — Determination of the value of Z will 
ordinarily require a viscosity test with one or another of the several types of commer- 
cial viscosimeters. This test must be conducted at the average temperature assumed 
to prevail within the pipe line during the period of flow. The instruments commonly 
available for this purpose do not determine the true absolute viscosity of the oil but 
give values measured in seconds of time, which can be converted to equivalent absolute 
viscosity* with the aid of mathematical formulas f or by means of graphs such as 
those reproduced in Fig. 348. Absolute viscosity divided by density Z/S is the so- 
called kinematic viscosity. The reciprocals of values of Z/S, indicated along the 
vertical axis of Fig. 348, are used directly in the expression DVS/Z or QAOSQS/DZ 
in determining the Fanning formula coefficient. If, for any purpose, the absolute 
viscosity Z is required instead of the kinematic viscosity Z/S, it may readily be 
obtained by multiplying the kinematic viscosity by the density S, With the aid of 
the graphs reproduced in Fig. 349, densities at high temperatures may be determined 
from those corresponding to lower temperatures at which gravity measurements are 
ordinarily conducted.}: 

For use in the flow formulas, the value of Z, representing the absolute viscosity, 
must be that corresponding to the average temperature of the oil in the line during 
transit. Inasmuch as this temperature is not generally known at the time the viscos- 
ity determinations are made, it is customary to develop a viscosity-temperature curve 

* In physical terms, the absolute viscosity of a fluid is that tangential force, 
expressed in dynes, necessary to move a unit area of plane surface, with unit speed, 
relative to another fixed plane surface at unit distance from it, the oil in question 
being in contact with and between tiie two surfaces. In the c.g.s. system, absolute 
viscosity is expressed by a unit called a poise,” which is one dyne-second per square 
centimeter. A ^^centipoise” is one one-hundredth part of a poise. The viscosity of 
water at 68°F. is 1 centipoise; hence, if the viscosity of an oil is expressed in centi- 
poises, it may be visualized as a multiple of the viscosity of water at this temperature. 

t Absolute viscosity may be calculated from measurements made with either the 
Saybolt Universal, Engler or Redwood viscosimeters, by means of the following 
approximate formulas established by the U. S. Bureau of Standards: 

For the Saybolt Universal instrument 

For the Engler instrument 

For the Redwood (No. 1) instrument. 

In these formulas, t is the time of outflow in seconds of the standard volume of the oil 
from the instrument; Z is the absolute viscosity expressed in poises; and S is the 
density (equivalent of specific gravity) at the temperature of the test. 

t If the gravity of the pil is measured in A.P.I. degrees at 60°F., as is customary, 
conversion to equivalent specific gravity may be accomplished with the aid of the 
following formula: 

141 5 

Specific gravity at 60 »F. = a;?:!. it W"+ IsO ' 


I = 0.00219 t - 
I = 0.00144 t - 

I = 0.00260 t - 

b t 
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for the oil to be pumped, showing its viscosity at all temperatures up to the maximum 
to which it is to be subjected. The construction of such a graph would require deter- 
minations of viscosity at several different temperatures, from which values, when 
plotted on coordinate paper, a smooth curve may be developed. The curves repro- 
duced in Fig. 2 are typical. Since viscosity measurements, if accurately made, 
consume considerable time, it is preferable to plot the kinematic values on logarithmic 
coordinate paper, in which case the graph becomes practically a straight line over the 
greater part of its course. Two viscosity tests at different temperatures will suffice to 


Degrees, Engler 



{From graphs published by Power Specialty Co., with additions.') 
Fig. 348. — Chart for converting viscosimeter readings to equivalent kinematic viscosity. 

m 

determine the course of this line, from which kinematic viscosities at any other tem- 
perature may be determined. Figure 350 illustrates the construction of graphs of 
this type, ' 

Determination of Average Temperature. — Determination of the average tempera- 
ture of the oil during the period of flow, on which the viscosity variable Z depends, 
is admittedly one of the most difficult and uncertain elements involved in pipe-line 
design. The temperature will drop rapidly at first, near the pumping station, and 
less rapidly as the difference between the oil and the earth decreases. The heat lost 
Varies with the velocity of flow (time), the area of contact surface between the heated 
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pipe lin?e and the surrounding earth, the specific heat of the oil and the difference 
between the temperature of the earth and that of the heated oil. 

Heat radiation will also depend somewhat on the character of flow, the outer layers 
of oil, nearest the walls of the pipe, will suffer the greatest heat loss, leaving the oil 
toward the center relatively warmer. In turbulent flow, owing to more thorough 
mixing of the oil, a fairly constant temperature prevails throughout the cross section 
of the pipe. 



Fig. 349. — Chart showing variation in specific gravity of petroleum at different 

temperatures. 

In estimating the average temperature, some engineers use the following approxi- 
mate formula, which is said to agree very closely with actual temperature conditions 
in existing lines : 

Average temperature = OA initial temperature) + final temperature). (4) 

Thus, if the maximum initial temperature to which it is considered advisable to 
heat the oil is 160°F. and the lowest temperature permissible for efficient pumping is 
fixed at 120°F., the average temperature in the line during transit is 160/3 + 2 X 
120/3 = 133.3°F. 

A more precise formula, recommended by H. W. Crozier,* is the following: 

*Cbozieb, H. W., Pipe-line transmission of Petroleum, /our, Elm. Power Gaa, 
Feb, 1 and Feb. 8, 1920, pp. 106-108, 



646 


OIL FIELD EXPLOITATION 


L = Loge t (5) 

in which L = the length of the pipe in feet; 
a == a radiation constant; 

Q = flow in barrels per hour; 

W = w' eight of 1 bbl. of oil in pounds; 

S = specific heat of the oil; 

D ~ external diameter of the pipe in inches; and 
t == difference in temperature between the earth and the pipe. 

The following values for the radiation constant a were calculated from tests made 
on two Cahfornia pipe lines: 


8-in. line, pumping 26,128 bbl. of 20®Be. oil daily a = 1 .67 

8-in. line, pumping 24,494 bbl. of 17.7°Be. oil daily a = 1.75 


Influence of Gravity on Pipe-line Flow. — The foregoing discussion has taken no 
account of differences in elevation that may exist at different points along the pipe 
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Fig. 350. — ^Logarithmic viscosity graphs illustrating straight-line characteristics. 

line. If the line carries oil over some point at a higher elevation than the initial 
point, obviously, more pressure will be necessary than that which is barely enough 
to overcome pipe resistance; and on the other hand, if all points along the line are 
below the initial point, gravity will aid flow, and the necessary pressure will be lower. 

In order to measure the effect of gravity on flow, it is customary to prepare a 
profile of the ground over which the pipe passes, and superimpose upon it a pressure 
diagram, showing by means of a ''grade line,'^ the "head'' in feet at any point. Head 
in feet may then be converted to equivalent pressure in pounds per square inch, and 
cither added to or subtracted from the value of F (the initial pressure) in the formula 
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used for computing flow, depending upon whether the net effect of gravity assists 
flow, or opposes flow. 

Equivalent Length of Pipes of Different Sizes. — Often intercommunicating pipe 
lines are operated in parallel, a device for increasing capacity known as ^'looping 
and in other cases, different sizes of pipe, connected end to end, will be used in different 
portions of the same operating division. In making flow computations in such cases, 
it is convenient to reduce all sizes to a common basis by making use of factors giving 
the equivalent length of various pipe sizes in terms of the one adopted as standard for 
the computations.^® Thus, in computing the length of pipe Li of diameter Di that is 
equivalent in resistance to a length L 2 of pipe of diameter D 2 , the following formula 
may be used: 



In loops of the same size and length of pipe, the equivalent length varies as the square 
of the number of lines; thus, two lines of a given size looped together will have an 
equivalent length four times that of a single line, and three lines an equivalent length 
nine times that of a single line. p?able XXXII gives computed equivalent lengths 
for different commonly used sizes of line pipe. 


Table XXXII. — Equivalent Lengths of Vaeious Sizes of Pipe Lines 



Problems Illustrating Use of Pipe Line Formulas. — The following applications will 
illustrate the use of the foregoing formulas in typical pipe-line problems: 

1. It is desired to transmit crude petroleum of 28° A.P.I. gravity through an S-in. 
pipe line at the rate of 20,000 bbl. per 24-hr. day. The initial temperature of the oil 
is to be 160°F., and the final or delivery temperature, 120°F. The initial pressure is 
to be 750 lb. per square inch. What is the maximum distance at which the pumping 
stations on this line may be spaced? 

Solution: 

Viscosity tests with a Saybolt Universal viscosimeter, on the oil to be pumped, 
show the following times of efflux: (a) At 100°F., 143 sec., and (6) at 150°F., 60 sec. 

With the aid of formula (4), we calculate the average temperature of the oil during 
transmission. 

A V + ^ (2 X 120) -^0-0 

Average temperature == + 1 = 133 1? . 
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With the aid of the viscosity conversion chart (Fig. 348), we find the equivalent 
kinematic viscosities to be: 

{a) At 100°F., kinematic viscosity =0.30 poises = 30 centipoises. 

(5) At 150°F., kinematic viscosity =0.10 poises = 10 centipoises. 

Constructing a logarithmic temperature-viscosity curve from these values for 
the kinematic viscosity (as illustrated in Fig. 350), we are able to determine that at 
133°F., the average temperature, the oil will have a kinematic viscosity of 13.5 centi- 
poises. This is the value of Z /S to be used in determining the friction coefficient /. 

The gravity of the oil at 60°F. is given as 28° A.P.I. The equivalent specific gravity 
is 0.89 (this may be calculated with the aid of the formula given in the footnote on 
page 643, or, it may be obtained from printed tables or charts). With the aid of the 
curves given in Fig. 349, we are able to determine the specific gravity of this same oil at 
133°F., the average temperature of the oil during transmission. The specific gravity 
at the higher temperature is 0.87. 

In order to determine /, the friction coefficient, we must first calculate the value 
DVS/Z, or its equivalent QAOSQS/DZ. Not having at hand the velocity of flow V, 
we calculate the latter quantity. 


O.mQS 

DZ 


0.408 X 


(20,000 X 42) 
24 X 60 


8.071 X 13.5 


2 . 2 . 


The actual inside diameter of 8-in. pipe is obtained from Table XXXIII as 8.071 in. 
Twenty thousand barrels per 24-hr. day = (20,000 X 42)/ (24 X 60) = 583.8 gal. per 
minute. By reference to the graph given in Fig. 347, the value of / corresponding to 
this value of 0.408 (Q;8//)Z) is found to be 0.008. * 

Tlie maxinuim spacing of pumping stations implies a reduction of the final or 
delivery pressure in the line to zero pounds per square inch. The maximum or initial 
pressure is given as 750 Ib. per square inch. We therefore will have for the maximum 
spacing of pumping stations a total pressure loss P of 750 lb. per square inch. 

We may now calculate the value of L, the unknowm distance between stations, 
with the aid of formula (3). Thus, 

p _ 0.0538 

05 


We may get the value of D-* from Table XXXIII. By substitution, 

7-n - XL X 0.87 X (583.8)2 

34,250 

L = 201,519 ft. = 38.17 miles. 

2. What diameter of pipe line will be necessary to transmit 10,000 bbl. per day of 
crude petroleum of 15.2° A.P.I. gravity over a distance of 10 miles, if an initial pump 
pressure of 800 lb. per square inch and an average temperature of 120°F. is considered 
possible with the pumping and heating equipment available? The Sayboit (Furol) 
viscosity of the oil is 340 sec, at 90°F. and 35 sec. at 150°F. 

In a problem of this type, wffiere a variable necessary in the calculation of both the 
friction factor (D in this case) and the Fanning equation is the unknown, we must 
adopt the method of 'Trial and error/^ That is, we must assume different values of D 
and select the one that brings the resultant pressure at the delivery point as nearly 
zero as possible. If the first approximation indicates that the proper value of / lies. 
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in the viscous flow region, Poiseuille's formula (1) will be found simpler than the modi- 
fied Fanning formula. 

For the given problem, 

10,000 bbl. per day — 291.6 gal. per minute. 

15.2° A.P.I. = specific gravity 0.96 (at 60°F.). Corresponding specific gravity at 
120°F. = 0.942 (== ;S) (from curves given in Fig. 349). 

340 sec. Saybolt Furol = kinematic viscosity of 700 centipoises (at 90°F.) 

35 sec. Saybolt Furol = kinematic viscosity of 70 centipoises (at 150°F.) 

Plotting these kinematic viscosities on a logarithmic temperature viscosity chart, 


we find that at 120°F. the oil has a kinematic viscosity of 190 centipoises 



For a trial, assume that 6-in. line pipe is used. Reference to Table XXXIII shows 
that this pipe has an actual inside diameter of 6.065 in. ( == D). Calculating the value 
of OAQSQS/DZ in order to determine/, we have 


QAQSQS ^ 0.408 X 291.6 _ ^ 
DZ 6.065 X 190 


From Fig. 347, / for this value of 0A08QS/DZ = 0.02. 

Substituting these values of /, I/, Sf Q and D in formula (3), we have 

__ 0.0538/L/8Q2 _ 0.0538 X 0.02 X 52,800 X 0.942 X 85,030 _ 4,550,367 
Ds 8,206 8,206 


From this it is apparent that 6-in. pipe, under the conditions assumed, would give 
a delivery pressure of (800 — 555) = 245 lb. Hence, we may use a smaller pipe. 

Try 4-in. pipe. Table XXXIII shows the actual internal diameter of 4-in. pipe to 
be 4.026 in. (= D). The table also gives = 1,058. 

Calculating the value of 0A08Q8/DZ again, and determining the value of / in 
Fig. 347, we find a value of / = 0.013. 

Solving again for P, we have 


9.0538 X 0.013 X 52,800 X 0.942 X 85,030 
1,058 


2,800 lb. per square inch. 


Since 2,800 is greater than 800 (the initial pressure), a 4-in. line will be too small. 

A similar calculation made for 5-in. pipe gives a value for P of 1,230 lb. per square 
inch, indicating that this size also is too small. 

For 5,42-in. pipe, the value of P becomes approximately 800 lb. per square inch, but 
since standard commercial line pipe is not made in this size, we must adopt the next 
largest standard size, which is 6 in. 


Pipe-line Design 

In the design of an oil pipe line, the problem as ordinarily presented specifies only 
a given length of line, given initial and terminal elevations and a given daily capacity 
of petroleum having specified density and viscosity. The engineer must then select 
the size of pipe, the distance between pumping stations, the necessary initial pressure 
and the initial temperature to which the oil must be heated at each station that will 
enable the linw to operate at the desired capacity. Where necessary to heat the oil 
and where steam power is used, the initial temperature assumed may be the highest 
that can be practically attained with exhaust steam in the usual type of tubular heater. 
In some cases, the maximum temperature to employ may be the maximum safe tem- 
perature, bearing in mind the flashpoint of the oil and the tendency of the lighter 
constituents of the oil to vaporize. The most economical initial pressure is usually 
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the maximum that can be developed with the type of pumping equipment available 
or that can be safely carried by commercial pipe. These values, too, will be known 
in advance by the engineer, or may be obtained from the manufacturers. Generally 
speaking, then, the only variable factors in pipe-hne design for a given set of conditions 
will be the diameter of the line and the spacing of the pumping stations. These are 
interrelated factors; that is, by using larger sized pipe, we may reduce pressure loss 
in the line and thus increase the distance between pumping stations. The engineer 
must balance the cost of the larger diameter pipe against the cost of a larger number of 
pumping stations, determining, with one or another of the formulas for calculating 
pressure loss, the size of pipe and spacing of pumping stations that will give the 
lowest capital cost. The operating cost of the line after completion enters also as an 
important factor. For example, it may happen that the saving in operating expenses, 
due to the elimination of one or more pumping stations, will warrant the expenditure 



Distance from pumping s+afioh in thousands of feet 

{After H. W. Crazier in J our. Elec. Power & Gas.) 
Fig. 351. — Illustrating graphic solution of an oil pipe-line problem. 


of a greater capital investment in the provision of larger sized pipe, which would make 
reduction in the number of pumping stations possible. 

Graphical Solution of Pipe-line Problems. — A convenient method of studying the 
effect of the different variables involved in pipe-line design is that suggested by H. W. 

Crozier* (see Fig. 351). ^ ^ ^ -i 

A graph is first constructed, based on an assumed initial temperature for the oil 
pumped, that indicates the temperature of the oil at all distances from the pumping 
station up to a distance greater than the maximum possi^Re spacing of puinping sta- 
tions. This curve we will call the “temperature-decrement curve.” Points on it 
may be determined by application of formula (5) above. 

A viscosity-temperature curve for the oil to be pumped is next developed by making 
tests with a viscosimeter and plotting the viscosities against their corresponding 
temperatures. Knowing the viscosity of the oil to be pumped at all temperatures, 
by reference to the temperature-decrement curve, we next develop a graph representing 

* Cbozier, H. W., The SheU Oil Kpe Line, Jour. Ehc. Power & Gas, vol. 36, 
Sept. 4, 1915. 
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tlie viscosity of the oil at various distances from the pumping station. This we may 
call the “viscosity-increment curve.” It is plotted on the same sheet of coordinate 
paper as the temperature-decrement curve and to the same abscissa scale. The 
viscosity-increment curve, of course, will be of ascending characteristics, the viscosity 
increasing as the oil attains greater distance from the pumping station, owing to the 
decrease in temperature. 

Applying formula (1), (2) or (3) given above and knowing the viscosity of the oil at 
varying distances from the pumping station, we may determine the corresponding 
pressures in the line at the same distances. Connecting these points with a smooth 
curve, we have a means of predicting the pressure in the line at any distance from the 
pumping station. This graph we may call the “pressure-decrement curve.” It has 
the same significance as the “hydraulic-gradient line” commonly employed in graph- 
ical solutions of problems in hydraulics, but differs from an ordinary hydraulic- 
gradient line in that it is a curve instead of a straight line. This is due to the influence 
of changing temperature, resulting in increased viscosity. Where the pressure- 
decrement curve crosses the abscissa representing zero pressure, we have indicated, 
by projection to the horizontal scale representing distance from the pumping station, 
the maximum spacing of pumping stations permissible under the given conditions. 

This assumes that the two stations are on the same level, which, however, will 
seldom be the case. To correct for differences in elevation, we have merely to con- 
struct the profile of the line in terms of equivalent pressure, and the intersection of 
this “pressure profile” with the pressure-decrement curve shows the maximum spac- 
ing of pumping stations on the particular profile. 

Figure 351 shows the solution of a typical problem, from which — as shown by 
the dotted lines — it would appear that the position of zero pressure on a level line 
is 64,500 ft. (or 11.18 miles) from the pumping station where the oil is heated to 
160°F., and an initial pressure of 750 lb. per square inch is impressed. 

Caculation of Power Necessary to Pump Oil through Pipes. — If it is necessary to 
determine the theoretical power requirement under a given set of conditions, we may 
make use of the following formula:* 


Horsepower 


19.2 X (gal. per min.) X (pressure drop in lb. per sq. in.) 
33,000 


(6) 


The actual horsepower required is obtained by dividing this quantity by the over- 
all efficiency of the pump and power-generating equipment. 

About 2 hp. will be necessary to pump 1,000 bbl. of oil per day for each 100-lb. 
pressure impressed upon it by the pump.^^ This allows 15 per cent for loss between 
the steam cylinder of the engine and the discharge of the pump. 

Lobping. — When an existing pipe line is no longer sufficient in capacity to meet the 
demand put upon it, a situation that often develops when the field served by the line 
suddenly increases in productivity, an expedient called “looping” is sometimes 
resorted to for the purpose of increasing the carrying capacity. This consists in laying 
and connecting several mles of additional pipe, parallel to and connected at intervals 
with the original line. 

In eastern United States practice, handling constant-temperature oil, it makes no 
difference whether the loop is cut in at the pump end of a pumping division or the 
terminal end; but in cases where the oil must be heated to facilitate flow, it makes a 
material difference. The loops should in the latter case be constructed at the terminal 
end and not at the pump end. The reason will be readily apparent when it is remem- 

* Croziee, H. W., Pipe-line Transmission of Petroleum, Jour, Elec., Feb. 1 and 8, 
1920. 
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bered that the loss of heat is proportional to the radiating surface of pipe exposed to 
the earth and is a function of the difference in temperature between the oil and the 
earth; therefore, if the loop is installed at the head or hot end, the heat loss will be 
greater and the average temperature lower. Furthermore, the added capacity is of 
greater advantage where the oil is colder and the viscosity greater. 

Using two different sizes of pipe in the construction of a single pipe line is another 
device for reducing pressure loss and increasing capacity and is a very useful method of 
obtaining a desired result at the lowest expense, particularly in original construction. 
In handling heavy oils, considerable economies in construction are realized by using 
larger pipe at the receiving end of each pumping division, where the oil is colder and 
therefore more viscous. For example, in the case of a pipe line built in California, 
by using 10-in. line pipe on the latter third of each pumping division of an otherwise 
8-in. line, it was found possible to space the pumping stations miles farther apart 
than necessary in the case of an all 8-in. line. This resulted in the elimination of two 
pumping stations in a line 170 miles long and a net saving of $250,000 in the initial cost. 

Types of Pipe and Chaeacter op Joints Used in Oil. Pipe Lines 

“Line pipe/’ a variety of lap-welded pipe with threaded connections, 
using couplings of heavier design than those employed on ordinary 
“standard pipe/’ has been generally used in construction of pipe lines 
laid in earlier years. More recently, seamless and electrically welded 
pipes have been widely used. As standardized by the American Petro- 
leum Institute, threaded- joint line pipe is available in sizes ranging up 
to 20 in., with a choice of several different weights or wall thicknesses 
in the 8-, 10- and 12-in. sizes (see Table XXXIII). Sizes under 3 in. may 
be butt-welded. Plain-end line pipe intended for welding is available 
in sizes ranging from to 24 in., with many different weights and wall 
thicknesses (see Table XXXIV). The material used is steel or wrought 
iron and may be manufactured by the Bessemer, open-hearth or electric 
processes to meet definite specifications governing chemical content and 
physical properties and tests. Most of the steel used is open-hearth or 
electric steel, necessarily so in the manufacture of seamless and electrically 
welded line pipe, now almost exclusively used. This is obtainable in 
three grades A, B and C, having minimum tensile strengths and ^eld 
points as indicated in Table XXXV. Safe working pressures, deter- 
mined by applying a safety factor of four to ultimate test pressures, must 
be carefully observed, particularly in the larger sizes of pipe (see Table 
XXXIV). Twenty-foot joints are furnished by manufacturers unless 
otherwise specified, A.P.I. specifications requiring that joints shall be not 
less than 16 ft. and that not more than 5 per cent of the joints may be 
less than 18 it. In purchasing plain-end pipe for welded lines, however, 
the length specified is often 30 or 40 ft., with appropriate tolerances. 

Within recent years, most important oil pipe lines have been con- 
structed without screwed connections, plain-end pipe being used and 
the joints being welded either by the oxyacetylene torch or by the elec- 
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Table XXXIV.— Sizes and Weights op A.P.I. Standabd Plain-end Pipe 
(All dimensions in inches at 68°F.) 


External 
diameter, in. 

Thickness, 

in. 

Weight 
per ft., plain 
ends, lb. 

Test pressures, 

lb. per sq. in. 


St< 

i 

Open hearth 
welded and 
grade A 

3el 

Grade B 

Grade C 

Open hearth 
iron and 
wrought iron 
lap weld and 
open hearth 
seamless 

CO 

.125 

4.505 

1,100 

1,200 

1,400 

900 


.148 

6.298 

1,300 

1,400 

1,600 

1,100 


.1875 

6.633 

1,600 

1 1,800 

2,000 

1,400 

4 

.128 

5.293 

950 

1,100 

1,200 

850 


.134 

5.532 

1,000 

1,100 

1,300 

900 


.148 

6.088 

1,100 

1,300 

1,400 

1,000 


.1876 

7.634 

1,400 

1,600 

1,800 

1,200 

4K 

.128 ! 

5.976 

850 

950 

1,100 

750 


.142 

6.609 

950 

1,100 

1,200 

800 


.165 

7.639 

1,100 

1,200 

1,400 

1,000 


.1875 

8.635 

1,300 

1,400 

1,600 

1,100 


.205 

9.403 

1,400 

1,500 

1,700 

1,200 


.169 

11.652 

750 

950 

900 

700 


.180 

12.390 

800 

900 

1,000 

700 


.1875 

12.891 

860 I 

950 

1,100 

750 


.21875 

14.966 

1,000 ; 

1,100 

1,300 

900 


.233 

16.906 

1,100 ' 

1,200 

1,300 

950 


.250 

17.021 

1,100 

1,300 

1,400 

1,000 

8 

.165 

13.807 

600 

700 

800 

650 


.1875 

15.644 

700 

800 

900 

600 


.21875 

18.179 

800 

960 

1,000 

700 


.250 

20.692 

950 

1,100 

1,200 

800 


.28125 

23 . 185 

1,100 

1,200 

1 

1,300 

900 

m 

.165 

14.908 

550 

650 

750 

500 


.1875 

16.896 

650 

750 

800 ! 

600 


.21875 

19.639 

750 

850 

1,000 

660 


.250 

23.361 

850 

1,000 

1,100 

750 


-264 

23.574 

900 

1,000 

1,200 

800 

10 

.1875 

19.649 

550 

650 

700 

600 

m 

.208 

21.762 

600 

700 

800 

660 


.21875 

22.851 

650 

750 

850 

600 


.250 

26.032 

750 

850 

950 

660 


.28125 

29.193 

860 

950 

1,100 

750 


.3125 

32.332 

950 

1,100 

1,200 

800 

10% 

.21875 

24.604 

600 

700 

750 

560 


.250 

28.035 

700 

800 

900 

600 

12 

.21876 

27.524 

550 

600 

700 

500 


.238 

29.897 

600 

650 

75Q 

660 


.250 

31.372 

650 

700 

800 

550 


-28125 

35.200 

700 

800 

900 

600 


.308 

38.460 

750 

860 

1,000 

700 ' 


.320 

39.918 

800 

900 

1,000 

700 


.34375 

42.793 

850 

960 

1,100 

750 
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Table XXXIV. — Sizes and Weights op A.P.I. Standabd Plain-end Pipe. — 

{Cordinued) 


External 
diameter, in. 

Thickness, 

in. 

Weight 
per ft,, plain 
ends, lb. 

Test pressures, lb. per sq. in. 

St€ 

Open hearth 
welded and 
grade A 

5el 

Grade B 

Grade C , 

Open hearth 
iron and 
wrought iron 
lap weld and 
open hearth 
seamless 

12M 

.260 

33.375 

600 

650 

750 

500 


.28125 

37.453 

650 

750 

850 

600 


.3125 

41.510 

750 

850 

950 

650 

14 

.250 

36.713 

550 

600 

700 ■ 

450 


.28125 

41.208 

600 

700 

750 

550 


.3125 

45.682 

650 

750 

850 

600 


.34375 

50.136 

750 

850 

950 

650 

IG 

.250 

42.053 

450 

550 

600 

400 


.28125 

47.215 

550 

600 

650 

450 


.3125 

62.357 

600 

650 

750 

500 


.34375 

57.478 

650 

750 

800 

550 

18 

.250 

47.393 

400 

450 

550 

350 


.28125 

53.223 

450 

550 

600 

400 


.3125 

59.032 

500 

600 

650 

1 450 


.34375 

64.821 ' 

550 

650 

750 

600 


.375 

70.589 

650 

700 

800 

550 

20 

.250 

52.733 

400 

450 

500 

360 


.28125 

59.231 

400 

500 

550 

350 


.3125 

65.708 

450 

550 

600 

400 


.34375 

72.164 

500 

600 

650 

450 


.376 

78.599 

650 

650 

700 

500 

22 

.3125 

72.383 

450 

600 

550 

400 


.34375 

79.506 

450 

550 

600 

400 


.376 

86.609 

600 

600 

660 

450 


.40625 

93.691 

550 

650 

700 

600 


.4375 

100.752 

600 

700 

750 

500 


.46875 

107.792 

650 

700 

800 

550 


.500 

114.811 

700 

750 

850 

600 

24 

.3125 

79.058 

400 

450 

500 

350 


.34375 

86.849 

450 

500 

550 

400 


.375 

94.619 

450 

550 

600 

400 


.40625 

102.368 

500 

600 

650 

460 


.4375 

110.097 

550 

600 

700 

600 


.46875 

117.805 

600 

650 

750 

500 


.600 

125.491 

650 

700 

800 

560 


trical method. Welded Joints may be made as strong as the pipe itself, 
and, as it is not weakened by the cutting of threads, it may be of some- 
what lighter weight than when screw joints are used. Because of this. 
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and because no collars or other fittings are needed, welded lines are often 
cheaper. If the welding is properly done, such lines are also more secure 
against leakage. Expansion and contraction in lines carrying heated oil 



Fig. 352. — ’Expansion joint for use on welded pipe line. 


make necessary the use of expansion joints in the larger sizes of pipe, 
particularly above 10 in. (see Fig. 352). Smaller sizes are not ordinarily 
equipped with expansion joints. 


Table XXXV. — Physical and Chemical Properties op Steel and Wrought 
Iron Used in Manufacture op A.P.I. Standard Line Pipe 


Properties 

Steel 

Wrought 

iron 

Open 

hearth 

iron 

seamless 

or 

welded 

Bes- 

semer 

welded 

Open hearth 
welded 

Seamless or electric 
welded 

Class I 

Class II 
(rephos.) 

Grade 

A 

Grade 

B* 

Grade 

C 

Minimum tensile 




i 





strength, lb. per sq. 









in 

50,000 

45,000 

48,000 

48,000 

60,000 

75,000 

42,000 

42,000 

Yield point, lb. per sq. 









in 

30,000 

25,000 

28,000 

30,000 

35,000 

45,000 

24,000 

24,000 

Elongation in 8 in., per 









cent 

18 

22 

20 




12 

20 

Elongation in 2 in., per 







cent 




30 

25 

20 



Manganese, per cent. . . 

.30~.60 

.30-.60 

.30-. 60 

.30-. 60 

.35-1.50 

.35-1.50 



Phosphorus, not over, 




I 





per cent 

; .11 

.045 

.08 

I .04 

.045 

.04 



Not less than 



.045 






Sulphur, not over, per 








cent 

.065 

.06 

.06 

.06 

.06 

.06 



Carbon, not over, per 









cent 





.30 













* Grade B, electric-welded line pipe has a manganese content ranging from 0,30 to 0.70 per cent. 
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Pipe-line Construction 

Before construction of an oil pipe line is begun, a careful survey of the 
route to be followed will be made. This will include the measurement 
of distances and elevations and the setting of stakes marking the route 
to be followed. Special attention will be given to the topography 
traversed, the condition of the soil and stream crossings. The necessary 
steps to secure a right-of-way for the line and title to such land as may 
be required for pumping stations and tank farms will also be completed 
before construction work is undertaken. 

Accessibility will be an important consideration in selecting the route 
for an oil pipe line. The delivery of pipe and construction equipment, 
supplies for construction camps and facility in subsequent repair and 
inspection of the line require that the route be accessible to wheeled 
vehicles, preferably railroad or motor-truck transportation. For this 
reason, pipe-line routes are often selected paralleling a railroad right- 
of-way or some main highway. 

The first consideration in the actual construction of the line will be 
the distributing of the pipe along the route selected. Pipe delivered 
from the steel mills in carload lots will be unloaded at near-by railroad 
stations or sidings and loaded into horse-drawn wagons or motor trucks 
used in stringing the pipe along the right-of-way, care being taken to 
unload just the proper number of joints per mile so that there will be 
neither a shortage of pipe nor a surplus when the joints are coupled 
together. 

After the construction equipment has been assembled and the neces- 
sary workmen organized into crews, work will be begun at one end of the 
the line or, in some cases, a start will be made at the middle, working with 
a separate crew toward each end. The work of la 3 dng the pipe involves 
several operations, each performed by a different crew of workmen and 
with different equipment. The major operations involve (1) excavat- 
ing the trench, (2) screwing or welding the pipe, (3) painting or coating 
the pipe with protective covering, (4) lowering the pipe and staggering” 
it in the trench and (5) backfilling the trench. 

Trenching may be accomplished either by hand, using pick and shovel methods, or 
with the aid of a trenching machine. The mechanical method is more rapid than the 
hand method, and the trench is excavated at a lower cost per linear foot. Trench- 
ing machines are commonly of the self-propelling or tractor type, using a gasoline 
engine as motive power, and excavation of the trench is accomplished by a large 
revolving wheel equipped with scrapers or buckets around its circumference (see 
Fig. 353). The size of the trench must vary with that of the pipe. The trench for 
an 8-in. pipe is 20 in. wide and 2 to 3 ft. deep. In cold climates or at high elevations 
where frost and low ground-surface temperatures may become important factors in 
heat radiation losses, the trench may be made deeper, say 4 ft. 
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Using Buckeye Traction ditching machines,* it has been found possible to excavate 
as much as 2,600 lin. ft. of trench, 22 in. wide and 3 ft. deep, in one lO-hr. day. The 
average capacity, however, for this size of trench is from 1,600 to 2,000 lin. ft. per 
lO-hr. day. Progress naturally varies materially with the character of the soil. 
Under unusually favorable conditions, in trenching for an oil pipe line near Caspar, 
Wyo., 7,800 ft. of trench 42 in. deep and 20 in. wide were excavated in 24-hr. Oper^ 
ating costs are said to range from $17 to S50 per lO-hr. day, depending upon the size of 
the machine and the cost of labor and fuel. 

Coupling Pipe with Threaded Joints. — ^The pipe, as shipped from the mill, is in ran- 
dom lengths averaging about 20 or 30 ft. A pipe collar or coupling is securely screwed 
on one end, and a rough collar on the other end protects the threads during transporta- 


(Courtesy of Buckeye Traction Ditcher Co.) 

Fig. 353. — ^Buckeye Traction ditching machine and pipe-screwing machine. 

tion. Just prior to placing a joint in the line, this thread protector is removed and 
the threads on the exposed end of the pipe and within the collar are carefully cleaned 
with oil or pipe “dope.” This reduces friction in screwing the joints together, pro- 
tects the threads against corrosion and facilitates repairs or salvaging the line at some 
future time. A swab consisting of a disk made of leather or rubber belting fastened 
on a metal rod or small pipe, or a disk-shaped wire brush, of the same size as the inner 
diameter of the pipe, is drawn through each length of pipe to remove dirt and mill 
scale. 

When hand methods are used, the lengths of pipe are screwed together while 
resting on skids placed at intervals across the trench. Each length is carried to its 
position by men equipped with pipe-carrying tongs and bars. One member of the 
gang, called a “stabber,” starts the threaded end of the length of pipe into the open 
* Manufactured by Buckeye Traction Ditcher Co,, Findlay, Ohio. 




collar of the preceding length, revolving the former by hand for a few turns to make 
certain that the threads are not crossed. Other men are meanwhile engaged in placing 
'‘pipe jacks” and "jack boards” under the pipe to hold it in alignment during the 
screwing process. After the new length of pipe has been fairly started in the collar by 
the stabber, snubbing ropes are applied for further screwing, and finally metal pipe 
tongs are used to tighten the joint. A crew of 70 men can clean, lay and apply 
protective paint and covering to about 3,000 ft. of 8-in. line per day, using hand 
methods. 

Pipe laying is more rapidly and economically accomplished, particularly in the case 
of the larger sizes, with the aid of a pipe-screwing machine, requiring the services of 
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{Courtesy of U. S. Bur. Mines.) 

Fig. 354. — Mahoney pipe-screwing machine operating on 8-in. pipe. 

15 to 30 men (see Figs. 353 and 354). There are two general types of pipe-laying 
machines available: (1) the Buckeye machine, which is mounted on a caterpillar 
tractor, the pipe being laid from the back of the machine; and (2) the Mahoney 
machine, which travels on the pipe. 

The Mahoney machine was the pioneer pipe-laying machine. It was developed 
during the laying of a 170-mile California line and has since been successfully applied 
in the laying of a number of important lines in the mid-continental and Gulf Coast 
region. This machine grips the pipe with the aid of a set of pipe tongs mounted on the 
inner circumference of a rotating steel cylinder. Power is applied from a gas engine 
through gearing. The entire ma6hine is mounted on a tubular frame that surrounds 
the pipe and rests on it. Small traction rollers are provided within this frame for 
moving the machine along the pipe under its own power. A pair of legs or spuds, 
actuated by power-driven gearing, provides means of raising or lowering the machine 
and the pipe on which it travels. With the aid of a small crane and power-driven 
hoist, also a part of the maGhine, a length of pipe may be picked up from the ground. 
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hoisted and swung into position and rapidly screwed into the collar. The operator 
rides on the machine within easy reach of all the necessary clutches and control levers. 
The machine is also able to make bends in the pipe when desired. In making bends in 
the pipe, it is desirable to maintain a radius of curvature of not less than 150 ft. 
As much as 11,740 ft. of 64n. pipe have been screwed with one machine during a 
9-hr. day. This time included the making of 28 bends. The best performance with 
8-in. pipe is about 8,700 ft. per day, and with 10-in. pipe, 8,200 ft. per day. 

Welding Joints of Pipe Lines. — When the joints of pipe are to be welded, they 
are furnished with carefully squared ends and beveled edges, so that when placed 
with the ends about % in. apart, there will be a V-shaped groove of uniform width 
around the joint, in which the fusion metal may be applied. Procedure in welding 
pipe lines varies somewhat, depending upon the method and equipment employed. 
Either oxyacetylene torches or electric welding apparatus may be satisfactorily used, 
but in recent years the trend has been toward the electrical method. Where long 
lines are to be installed as quickly as possible, the ^‘firing-line’^ method is employed. 
In this, one group of workers aligns the pipe on wooden skids placed across the open 
trench, merely “tacking” the joints together with a few beads of fusion metal. Other 
groups, each consisting of a welder and his helper, follow and complete the welding of 
each joint. The pipe is rolled on the skids from side to side, so that the welder may 
always work on the upper side. Several hundred feet of pipe may be rolled in this 
way, but the longer sections must be welded together in place with the pipe in the 
trench or supported on skids over the center of the trench. This is done at a suitable 
time of day or night when expansion or contraction of the metal will bring the two 
ends to be joined a proper distance apart. The welder must work all around the 
joint in this case, a “bell hole” or enlargement of the trench being excavated to 
facilitate access to the underside of the pipe if necessary. An alternative method of 
welding known as “stovepipe” construction involves aligning, tacking and completing 
the wielding operation by one group of workers. This is a slower but more economical 
method. 

When welding methods are used, minor bends in the pipe may be made by heating 
a narrow band with the torch, for a distance of half to two-thirds of the pipe circum- 
ference, then bending the pipe inward on the heated portion. This forms an out- 
wardly projecting wrinkle in the pipe wall that does not reduce the thickness of metal 
nor the effective cross-sectional area of the pipe. Sharper bends may be formed by 
making several closely spaced “wrinkle bends” on the same side of the pipe. An 
alternative plan is that of welding short sections of pipe into the line, the ends of 
which have been cut in a plane making an acute angle with a plane at right angles to 
the pipe axis. Valve connections, tees, Y’s and other fittings may be made of pipe 
sections and welded into the line in the desired position, or flanged fittings may be 
used. 

Applying Protective Covering. — The pipe, after screwing, is lowered on wooden 
skids placed at intervals across the top of the trench. With the pipe in this posi- 
tion, a protective coating is applied. This is necessary to prevent corrosion of the 
pipe, particularly in alkaline soils or where saline ground waters are prevalent. The 
protective coating may consist of a coat or two of asphaltic paint or enamel or of 
roofing paper, roofing felt or burlap wired and wrapped around the pipe and saturated 
with hot asphalt. Before applying the protective coating, the pipe must be carefully 
cleaned and scraped to removes dirt, bhsters and mill scale. The protective material 
may be applied by hand methods, using large brushes, or it may be poured on the top 
of the pipe and spread with the aid of a strip of canvas or “sling,” passed under the 
pipe and drawn back and forth by two men, one at each end. In several recently 
constructed pipe lines, the protective coating has been applied by machines developed 
specially for the purpose. One such machine, used on a California line, traveled on 






Fig. 355. — Eight-inch pipe suspended on slings, ready to be lowered into trench. 

with the aid of the above-mentioned horses or with a tripod which supports a small 
hand-power winch. The pipe is then pried to alternate sides of the trench at about 
100-ft. intervals, so that it occupies a zigzag position in the bottom. The trench is 
also partly filled with earth at the same intervals to maintain the pipe in this posi- 
tion until such time as the trench can be entirely filled. The purpose of laying the 
pipe in this manner is to provide for expansion and contraction in the line, which 
may be a serious factor because of the variable temperatures to which it is subjected. 

Backfilling completes the work of laying the pipe, removing the loose material 
that has been left standing in a pile along one side of the trench, and placing it back 
in the trench. The excess earth is piled over the filled trench. This work may be 
done by hand shoveling, or with the aid of horse-drawn road scrapers, but is more 
economically and expeditiously accomplished with the aid of backfilling machines 
developed for the purpose. Such machines are usually of the self-propelled, tractor 
type and travel along, straddling the dirt pile. The earth-moving mechanism consists 


wheels resting on the pipe and was provided with a rotating brush and scraper for 
removing dirt and mill scale and rotating brushes for applying the enamel or paint. 
A 6-hp. gas engine mounted on the machine furnished the necessary power for revolv- 
ing the brushes and scraper. The machine also carried tanks containing the molten 
enamel and water and fuel for the engine. Coating operations, conducted either by 
hand or machine methods, require that the pipe be lifted off the skids at points where 
painting is in progress. This is readily accomplished with the aid of a long lever 
mounted on wheels or by means of wooden horses straddling the pipe and equipped 
with rope or hose-covered chain slings (see Fig. 355). 

Lowering Pipe in Trench. — After the protective coat has hardened, the pipe must 
be lowered into the trench. This is accomplished, after the skids have been removed. 
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of a series of flat scrapers attached to chains that travel transversely to the ditch and 
move the material from the pile to the trench. A simpler device consists of a diago- 
nally placed scraper attached to a small tractor. 

Stream and Road Crossings. — Bridging is often resorted to where a small ravine, 
stream or marsh or a railroad cut is to be crossed. For this purpose, a simple trestle 
is usually constructed, or a cable suspension for the pipe is provided. The pipe is 
preferably enclosed in a rectangular wooden box, in such cases, with oil sand or other 
heat-insulating material packed about it. In crossing a road, the pipe should be 
buried at somewhat greater depth than elsewhere, in order to avoid any possibility of 
its becoming exposed by ruts or washouts, and to prevent it irom being subjected to 
undue vibration or wheel pressure from passing trafflc. 

In crossing rivers where no trestle or other supporting structure is possible for the 
pipe, it must be laid directly across the stream bed and submerged. In such places, 
it is customary to place a “river clamp” at each joint to add weight to the line and to 
reinforce the coupling. The river clamp is a heavy cast-iron split clamp, the two 
halves of which may be securely bolted together over the pipe collars. In order to give 
additional security against the line parting owing to the pressure of water flowing over 
and around it, it is customary to arch the pipe upstream, anchoring the shore terminal 
and approaches with concrete blocks and long metal bars called “river dogs,” which 
are driven into the earth on the downstream side of the pipe. Some operators prefer 
to weld pipe at stream crossings, particularly where shifting sands may leave long 
sections of the pipe without support. However, the difficulty of making repairs to a 
welded stream crossing in case of a break is obvious. 

Sea Anchorages. — Along the Gulf Coast of Mexico, sea-loading anchorages have 
been developed, at which tank ships are loaded miles off shore, while riding at 
anchor, from pipe lines laid on the ocean bed. The pipe lines are constructed on 
land and dragged out to sea and lowered with the aid of a ship. At the outer end, 
the pipe is anchored to prevent movement and is equipped with a flexible hose con- 
nection, supported at the surface by a fixed buoy. Tank ships anchored near by 
establish hose connections with these subterranean pipes and receive their cargo 
directly from tank storage on shore. 

Telephone System.— In order that there may be an adequate means of prompt 
communication between different pumping stations and other points along the line, a 
teleph3ne Jine is constructed paralleling the pipe line. Permanent telephone sets 
are provided at each pumping station, and portable sets may be connected with the 
line at any desired point. Such a means of communication is practically a necessity 
from the standpoint of security in operation of the pipe line and is a great convenience 
to the station attendants, line walkers and oil dispatchers in communicating with each 
other- The pipe-line operations are usually controlled by a dispatcher located at the 
field end or at the initial pumping station, who is in communication at all times with 
every station along the line. 

Testing the Line. — After completion of a new pipe line, it is customary to subject 
it to certain tests before it is placed in service. A “go-devil,” or scraping device, is 
pumped through the line to make certain that it is clear of obstructions. Each 
operating division, in turn, is tested for leaks and defective joints by filling the pipe 
with water and applying pump pressure somewhat in excess of that at which the line is 
to operate. 

Pumps Used in Pipe-line Teansportation of Oil 

Choice of a type of pump for forcing oil through pipes and of a prime 
mover to operate it wiU depend upon the character of the oil and volume 
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to be handled and the kind of power economically available. The types 
of pumps available are (1) reciprocating pumps, which may be operated 
by steam, gas or Diesel engines or electric motors; and (2) centrifugal 
and screw-type pumps, which may be driven by steam turbines, electric 
motors or Diesel-electric drives. Equipment of this character is avail- 
able in a variety of sizes and capacities, designed either for occasional 
use, as on field gathering lines, or for more-or-less continuous service in 
trunk pipe-line stations. 

Pumps used for gathering-line service are frequently of the duplex, 
double-acting piston type, driven either by direct-connected steam 
engines or actuated by gas or Diesel engines or electric motors, with belt 
or chain drives affording suitable speed reduction. Usual capacities 
range from 1,000 to 5,000 bbl. per day, against a maximum discharge 
pressure of 500-lb. per square inch, and power consumption ranges from 
30 to 60 hp. Centrifugal pumps are less commonly employed in gather- 
ing-line service, but w'hen used are generally operated by direct-connected 
electric motors. Screw-type pumps are only occasionally employed. 
Pumps for gathering-line service must be of rugged construction to 
contend with the rather severe operating conditions imposed. Often 
such equipment is not adequately housed, being poorly maintained and 
operated intermittently with highlj^ variable load requirements. The 
fluid handled may carry sand in suspension and may be corrosive. Such 
pumps are preferably designed to facilitate movement from one location 
to another, being frequently mounted integrally with the powder unit on 
steel skids and requiring but little in the way of special foundations. 
Considerations of operating expense are subordinated to capital cost and 
salvage value. 

In selection of pumps for tmnk-line service, operating cost and efficiency become 
primary considerations, whereas cost and salvage value are of lesser importance. 
Such pumps are usually of large capacity, require substantial, permanent foundations 
and housing, and are ordinarily expected to give many years of continuous service in 
the location in which they are installed. For this type of service, both reciprocating 
and centrifugal pumps are employed, recent trend of preference being toward the cen- 
trifugal pump where conditions permit of its efficient oiDeration. Trunk-line operating 
conditions are more favorable for this type of pump than is the case wdth gathering 
lines, for the line pressure and load may be maintained reasonably constant. How- 
ever, the oil must not be too viscous — ^less than 300 sec. Redwood, according to one 
authority. Capacities of centrifugal pumps range as high as 90,000 bbl. per day, and 
line pressures as high as 900 lb. per square inch. Pow^'er requirements are as large as 
1,500 hp. for the larger sizes, and mechanical efficiencies range from 52 to 83 per cent. 
If electric power is available, a direct-connected ^^squirrel-cage” motor provides a 
very satisfactory prime mover for this type of pump, though steam-turbine and 
Diesel-electric drives are also suitable. The pumps used are often of four stages and 
operate at speeds as great as 3,550 r.p.m. or more. Such pumps have an average 
life of about 8 years. Diesel-engine-driven pumps may attain speeds as high m 
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1,500 r.p.m. or more by use of 6 to 1 step-up gearing. The power required to drive a 
centrifugal pump varies as the cube of the speed; hence, as speed is diminished, the 
power requirements fall off sharply. 

Reciprocating pumps used for trunk-line service are double-acting, of duplex or 
triplex type and have a wdder field of usefulness than centrifugals, being adaptable 
under practically all circumstances. Unlike centrifugal pumps, they may be used in 
handling the more viscous oils and are often preferred where large capacity and 
flexibility in operation is likely to be required. They are available in a wide variety 
of sizes and capacities, up to a maximum of 7 by 36 in. with a capacity as high as 
50,000 bbl. per day and requiring as much as 800 hp. Volumetric efficiencies as high 
as 95 per cent may be realized with proper design, operation and maintenance. Such 
pumps may be operated by direct-connected steam engines or by belt drives from 
electric motors, gas engines or Diesel engines. Both two- and four-cycle engines of 
the latter type are in use, and they may be either horizontal or vertical. Pour-cycle 
horizontal engines are becoming increasingly popular. Steam is a satisfactory power 
for this purpose but requires a boiler plant that is expensive to install, maintain and 
operate, and suitable water for boiler purposes is not always available. Diesel engines 
have been growing in popularity during recent years, being capable of operating effi- 
ciently, in many cases, on oil carried by the pipe line. Electric motors are not well 
adapted to operation of reciprocating pumps, owing to the necessity of a considerable 
speed reduction. Well-built and maintained reciprocating oil pumps have an aver- 
age useful life of about 20 years. They require heavier foundations than are neces- 
sary for centrifugal pumps, a capital expenditure upon which there is no salvage 
value in case the pump has to be moved to a new location. 

Arrangement op Equipment at Pumping Stations on Oil 

Pipe Lines 

Pumping stations placed at intervals along a trunk pipe line are likely 
to be more or less standardized in selection and arrangement of equipment, 
though local conditions will often necessitate departures from such 
standard. The design and layout of equipment will depend to a large 
extent upon the type of power employed. The principal elements, of 
course, are the oil pumps and their prime movers, other incidental equip- 
ment being grouped about these elements in the most efficient or con- 
venient positions. The pumps are customarily bolted to reinforced- 
concrete foundations and housed in a fireproof building, steel-frame 
construction with corrugated iron sheathing being often used for this 
purpose. Sufficient headroom must be provided for operation of a 
crane or chain hoists, necessary at times in disassembling the pumping 
units when repairs or replacement of parts are necessary. If steam power 
is used, the boilers should be in a separate building to minimize the fire 
risk; or if certain types of electric motors are used that are spark-forming 
in operation, they should be se{)arately housed, or at least separated 
from the pumping units by a substantial fire wall of brick or concrete. 
If electric power is used, transformer equipment, control switches, resis- 
tors and other incidental electrical equipment will be necessary and must 
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be suitably housed. A small separate building may also be provided to 
house the control valves and meters. 

When necessary, oil heaters are usually placed out-of-doors, near the 
building in which the pumps are housed. These are often horizontal 
cylindrical tanks of the heat-exchanger type, equipped with steam coils. 
They may be heated with exhaust steam from the pumping engines or, 
where steam power is not used, the oil may be heated in pipe coils arranged 
in a small direct-fired furnace using natural gas or oil as fuel. The oil 
must be heated to temperatures as high as 180°F. in handling very viscous 
oils. Oils of low viscosity need not be heated. 

Tankage for storage of oil will usually be necessary to take care of 
incoming oil in case repairs are necessary involving a brief interruption 
in pumping service. Older stations have sometimes been equipped with 
tanks capable of storing as much as 100,000 bbl. of oil, but more modern 
stations have required less, often only 20,000 bbl. Such tanks should be 
of the floating-roof or other vapor-tight type to minimize evaporation 
loss. If oil is used for steam raising under boilers, or as a source of power 
in Diesel engines, one or two small tanks should also be provided for 
gaging and storing oil used for this purpose, which is usually taken from 
the pipe-line or station storage tanks. Natural gas is sometimes used 
for boiler or engine fuel in localities where it is obtainable at reasonable 
cost, in which case, of course, fuel tanks are unnecessary. 

A supply of water will be necessary for station purposes, this being 
especially important where steam power is used. Water is piped from the 
nearest satisfactory and adequate source, or a well may be sunk nearby 
and the water pumped into a surface tank. Water-storage facilities 
may range up to 2,000 bbl., depending upon requirements. Perhaps a 
water-purifying plant will have to be installed if steam power is used and 
the available water is not suitable. Where gas or Diesel engines are 
used for driving the pumps, a cooling system must be provided for the 
circulating water used in cooling the engine jackets. This may be a small 
louvre tower or sprays over an open pond. A water pump of appropriate 
capacity will usually be necessary. In some instances where the oil is 
not heated, the incoming oil from the pipe line is used as a cooling medium 
in absorbing engine heat. 

It will be desirable to meter all incoming oil at each station in order 
to disclose oil losses that may occur between stations as a result of leaks. 

■ For this purpose, the Venturi meter or orifice meter is used. The latter 
is well adapted to this purpose and if suitably designed and calibrated 
may be accurate within 0.5 per cent. Other incidental equipment may 
include a dynamo for electric lighting and shop, tool and repair equipment. 

Care should be taken in the design and layout of station piping. It 
is particularly important that oil suction lines to the pumps be of ade- 
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quate size and that a convenient manifold and valve system be provided 
for controlling oil flow to and from the pumps and tanks. By-passes 
should be provided so that the oil heaters and different elements of the 
plant may be isolated for repair or inspection or so that the entire plant 
may be isolated from the pipe line when necessary. Provision should be 
made so that pumps may be placed in operation before picking up their 
load. 

Figure 356 presents a diagrammatic lay-out of a typical steam- 
powered oil-pumping station, and Figs. 357, 358 and 359 present reproduc- 
tions of photographs of oil pipe-line pumping-station equipment. 
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Pipe-line Operation 

Determination of the most efficient operating conditions requires 
a close study of all factors involved, so that a reasonably uniform per- 
formance will be maintained at each station. As variation in the 
type of oil pumped may seriously alter the viscosity-temperature relation- 
ships, and hence the pumping pressures and delivery volume, an effort 
is made to keep the oil carried by a particular line as uniform as possi- 
ble. In cases where the field that the line serves produces several 
different grades of oil of differing market values, this may be a diflicult 
matter if there is only one pipe line. Usually, however, particularly if the 
market values are not influenced by differences in gravity, it will be 
possible to secure practical uniformity in the oil handled by blending. 
In any case, it should be possible to handle the various grades in “runs” 
of 100,000 bbl. or more so that operating conditions will not be con- 
tinually changing. 
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Because of the irregularity in flow conditions within the pipe, it is 
impossible to maintain separate ^^runs’^ without a certain degree of 


Fig. 357 . Exterior view of a typical California oil-pipe-line pumping station. 

admixture during transmission. This, however, in the case of 100,000- 
bbl. runs, should not influence more than about 10 per cent of the oil 


Fig. 358. — Horizontal pumping unit, Wood station, Oklahoma Pipe Line Co. 

As the radiation losses from the heated oil will normally be greater 
in winter th^ in summer, the capacity of the line under a given set of 
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operating conditions will be greater during the warmer season. Vari- 
ations in temperature losses may be offset, however, by varying the 
initial temperature or the pumping pressure. Greater initial pressure 
may be secured by operating the pumping unit at higher speed or by 
bringing auxiliary pumping units into service. 

Continuous operation of the line without interruptions in service is 
an important factor in securing operating efficiency. The greatest load 
is encountered when pumping is resumed in a pipe line after an interrup- 
tion in service. At such times, oil at rest in the pipe has had time to cool 
until it approximates prevailing ground temperatures. On resuming 


Fig. 359, — Vertical-cylinder triplex power pumps, Grayson Station, GuTf Pipe Line Co. 

operations, the pumps must for a time work against the resistance of a 
long plug of viscous oil which will greatly reduce capacity until the lines 
are cleared and normal operating temperatures are secured. Under 
such conditions, an auxiliary pump, which can be operated in series with 
the main pumping unit, will be of great assistance. 

Prior to shutting down a pumping, division, some pipe-line operators 
pump hot water into the line until all the oil has been forced out. This 
water can be readily moved when it is desired to resume operations, at 
which time heated water is pumped until normal operating temperatures 
are attained in the line, and the pump suctions are then switched from 
water to oil. 

In dealing with heavy viscous crudes, it is desirable, from the stand- 
point of efficiency, to operate the line at as near full capacity as possible. 
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A rate of flow of at least 3 ft. per second will be desirable in such cases. 
Operating pressures and power consumption may actually be greater at 
low speeds and capacities than at full capacity, owing to the greater time 
for heat radiation in the former case. Experienced operators will move 
''runs” of heavy crudes through the lines at high speed even though the 
pumping equipment must be forced to accomplish the more rapid 
transmission. 

The labor employed at a typical California pumping station on an 
84n. pipe line handling a maximum of 25,000 bbl. of oil per day involves 
the services of eight men- working on 8-hr. shifts or "towers,” one boiler 
attendant and one pump-room attendant on each shift and a foreman and 
gager working only one of the three shifts. 

Pumping stations are usually designed throughout to meet the peak 
load imposed by transmission of the maximum volume of oil under the 
most unfavorable conditions. Such conditions are met during the period 
of , flush production of the field served, particularly during the coldest 
season of the year when temperature-radiation losses from the oil in the 
pipe line are at a maximum. Later, when the production of the field 
or fields served declines, or during warmer seasons of the year, the power 
requirement will be materially reduced. One authority estimates that 
the average trunk-line pumping station operates at only 40 per cent 
capacity. 

Regulations Governing Common-carrier Pipe Lines 

By law, the oil-carr 3 dng pipe lines of the United States have been 
declared common carriers, and as such have been placed under the juris- 
diction of the Interstate Compierce Commission and the various state 
railroad commissions. Pipe-line companies must receive oil for shipment 
when and where offered, but numerous restrictions are imposed, which in 
many cases practically nullify the shipping privilege that the law is 
intended to convey. 

In addition to numerous special regulations on different pipe lines, 
there are several conditions generally imposed upon pipe-line shippers: 
(1) The minimum quantity that will be accepted for shipment varies 
from 10,000 to 100,000 bbl. (2) The individual shipments must be of 
the same kind and gravity of oil, and impurities (sand and water) may 
not exceed 3 per cent. (3) Transportation companies do not bind them- 
selves to dehver the identical oil received for shipment, but merely equiva- 
lent oil. (4) Most schedules provide that a pipe-line company may 
deduct 2 or 3 per cent to cover oil lost in transit. 

Pipe-line Maintenance 

After a number of years of contact with the earth, most pipe lines 
exhibit measurable deterioration as a result of corrosion. Eventually 
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leaks develop which require prompt attention, otherwise considerable 
oil may be lost by seepage into the earth. Leakage may occur at any 
point where corrosion has progressed sufficiently but is particularly 
troublesome about couplings in the older lines where threaded Joints 
were used. Leakage around a coupling may be stopped by calking 
the edges of the coupling or welding the coupling to the pipe; or a split 
sleeve enclosing the entire coupling and a short section of pipe at each 
end may be welded on. “Pit” leaks may be repaired by spot-welding 
or by driving a small wooden plug into the hole and placing over it a 
gasket held in place by a clamp bolted to the pipe. Where pipe is 
badly corroded, a short curved “slab” of metal plate is welded on, or 
the pipe may be “half-soled,” a procedure that involves welding a half- 
round section of slightly large pipe on the underside of the corroded sec- 
tion. Most corrosion occurs on the underside of the pipe, and better to 
distribute it after some years of service, the pipe may be turned through 
180 deg. so that the former top side is down. Repair work of any kind, 
of course, necessitates excavation at the point where repairs are to be 
made, and perhaps drainage of oil from the line. In the latter case, the 
section of the line on which the work is to be done is isolated by plugging, 
and the oil that it contained is run into an earthen pit excavated at some 
low^ point near the right-of-way; or if a parallel line is available, the oil 
may be pumped into it. If a long section of line is to be drained, the 
oil that it contains may first be forced ahead to the next station by pump- 
ing water through it. 

Protection against Corrosion. — So serious are the losses resulting from 
corrosion of pipe lines that much research has been conducted to determine 
the causes of corrosion and possible methods of prevention. Corrosion 
of pipe buried in the earth is generally considered to be an electrochemical 
phenomenon resulting from a difference in electrical potential between 
different portions of the pipe, earthy material or ground water in contact 
with it. This causes a migration of electrically charged particles from 
the surface of the pipe into the surrounding earth. At points wffiere such 
currents leave the pipe line and enter the surrounding earth, corrosion 
occurs. Differences in oxygen content of the soil or differences in chemical 
nature of the soil or ground waters in contact with the pipe are considered 
to be likely causes of corrosion. Some alkaline soils are highly corrosive; 
or if a soil has high acidity or high salt content, it is likely to be corrosive. 
Mere differences in chemical character of the soil in contact with the 
pipe at near-by points may create differences in electrical potential. 
Organic bacteria acting upon sulphate ground waters may liberate 
sulphide compounds that attack iron and steel. Soil surveys along the 
pipe line right-of-way will usually disclose areas where corrosive agents 
are likely to be especially active, and special precautions may be taken 
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to protect the pipe in such areas. Soil surveys may include sampling 
and chemical analysis of the surface and subsurface material and ground 
waters at intervals along the right-of-way. Determinations of the 
hydrogen-ion concentration (pH) value of the soil samples may be made 
or resistivity measurements taken to determine electrical conductance. 
Soils displaying high resistivity are likely to be less corrosive. A study 
of drainage, vegetation and topographic features along the right-of-way 
may also suggest where corrosion is likely to be most active. 

Corrosion of pipe lines may be minimized by applying coatings of protective 
material about the pipe or by using what is called “cathodic protection.” Protective 
coatings that have been used for this purpose include bituminous and resinous sub- 
stances of various kinds, vitreous enamels, Portland cement or concrete and metallic 
coatings of corrosion-resisting substances, such as zinc or copper. Bituminous 
materials are generally preferred because of their lower cost and ease of application. 
Some kinds of asphaltic solutions can be applied as a paint, and coal-tar pitch or 
bituminous enamels may be applied in a hot molten condition, forming a thick coating 
when cold. Such coatings are usually further protected by applying a wrapper of 
felt paper, asbestos felt, burlap or canvas, perhaps saturated with a heavy grease 
containing a chemical agent to prevent rotting of the fabric by bacterial action. Cop- 
per foil and galvanized sheet iron have also been used as an outer protection. Pipe 
coatings may be applied in manufacturing establishments or at conveniently situated 
field plants near the point of use, or after the pipe is coupled or welded, just before 
lowering it into the trench. Most coatings are easily damaged and may then fail 
in their intended function. For this reason, most engineers prefer to apply the coat- 
ings in the field or in temporarily established plants near the point of use. Less 
costly and more satisfactory work can be done in mobile coating plants established in 
the field than over the trench, and if reasonable care in handling the coated pipe is 
exercised, little damage should result in transporting it to the point of use. Coated 
pipe should be handled with canvas or rubberized fabric slings (old automobile tires 
may be used); the bottom of the trench should be “padded” with soil or clay, and 
back filling of the trench should be carefully conducted to avoid stone “bruises.” 

Cathodic protection of pipe lines is based on the principle that if the electrical 
potential of the pipe is maintained at a lower value than that of the surrounding earth 
no electrical current may flow from the pipe, and consequently no electrochemical 
corrosion may occur. This is accomplished by making the pipe the negative terminal 
of an electrical circuit, the positive terminal or anode being a suitable “ground bed” 
or system of buried pipes, prepared near by, and direct current is caused to flow from 
the anode through the intervening soil to the pipe line to be protected. A negative 
potential of only 0.25 volt maintained on the pipe is sufficient. The source of current 
may be a rectifying unit connected with an alternating-current powder line in the 
vicinity?- or a small generator operated by a motor, an internal-combustion engine or a 
windmill. Windmill generators may operate satisfactorily on wind velocities as 
low as 9 miles per hour, and in some localities where wind blows at this or higher rates 
most of the time, ample protection is afforded. The generators used for this purpose 
are much like those used.in automobiles and are available in two sizes, one developing 
80 amp. at 20 volts and the other 12 amp. at 40 volts. They are placed at intervals 
of a mile or so along the pipe line, depending upon soil conditions and the degree of 
protection afforded by corrosion-resisting coatings which are usually also applied 
to the pipe. ^ In some cases, it is possible to protect a mile of large-diameter coated 
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pipe with as little as 50 watts. All authorities agree that fairly complete security 
against corrosion of pipe is possible at reasonable cost by a combination of a suitable 
protective coating and cathodic protection, and some suggest that cathodic protection 
alone is sufficient. However, the larger energy requirement when the pipe is bare 
may make the method uneconomic unless current can be purchased or developed at 
low cost. 

Cost of Pipe-line Transportation of Petroleum 

Cost of pipe-line transportation of petroleum will, of course, vary 
widely with the character of the oil, the size of the pipe, the character 
of the terrain traversed, the number of pumping stations, the kind of 
power used and other variables. Pipe-line construction costs range 
from $5,000 to. $10,000 per mile. Trunk-line pumping stations cost 
$50,000 to $175,000. Operating costs range from 15 to 75 cts. per 
thousand barrel-miles. 

A major oil pipe-line system connecting the Iraq oil fields with 
Mediterranean ports, including 1,150 miles of 12-in. welded pipe, 800 
miles of which was constructed under desert conditions, with 12 pumping 
stations, incidental water supply, communications system and terminal 
facilities, cost approximately £10,000,000, or about £8,700 per mile. 
This system, completed in 1934, has a daily capacity of 85,000 bbl. of 
Kirkuk crude, which has a viscosity of 45 sec. Redwood at 70°F. Maxi- 
mum line pressure is about 700 lb. per square inch. 

WATER TRANSPORTATION OF PETROLEUM 

Water transportation of petroleum in tank ships ranks second only 
to the pipe line in the crude-petroleum-transportation industry of the 
United States. From an international point of view, this method of 
transportation would rank first. In addition to a large domestic coastal 
movement, practically all of the foreign trade of the United States in 
crude petroleum and its products is necessarily conducted in ^ Hankers.’^ 
Also, a large portion of the inland distribution of petroleum and petroleum 
products is accomplished by the use of barges operating on the larger 
rivers, canals and lakes. 

In 1935, the American petroleum industry had invested about 
$530,000,000 in water-transportation facilities. Over half of the coun- 
try's refined products and about one-third of the crude oil traffic moves 
in water carriers. In January, 1935, tank ships engaged in oil trans- 
portation comprised 26.5 per cent of all seagoing maritime tonnage of 
1,000 tons or over, under American registry. Capacities of oqean-going 
vessels range up to 163,000 bbl, averaging about 75,000 or 80,000 bbl. 
Their speed ranges from 9 to 12 knots per hqur.* For long hauls, 

* ZuLVER, C., The Modern Tanker, ‘^The Science of Petroleum,’' vol. I, pp. 795- 
802 , , ...... 
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transportation cost by this method is less than by any other. For 
example, it costs less to move crude from United States Gulf of Mexico 
ports to Atlantic Coast refining centers by tanker than by pipe line. 

Water transportation of petroleum is seldom a matter that concerns 
the producer directly, and for this reason no description of the various 
types of tank ships and barges used in this service will be offered here. 
The producer usually has no responsibility in the loading and operation 
of such vessels and has no direct interest beyond the tankage, which 
provides for necessary storage at the shipping point, and the piping, 
which serves to connect the tanks with off-shore loading facilities. 
These offer no unusual problems beyond those discussed elsewhere in 
this volume in connection with storage and pipe-line transportation of 
petroleum. 


RAILROAD TRANSPORTATION OF PETROLEUM 

The railroad tank car ranks third in importance as a bulk carrier of 
crude petroleum, and it plays a much more important role in distribution 
of refined products from the refinery to the many inland distributing- 
centers. In the United States, the petroleum industry is the best 
customer of the railroads, furnishing, in recent years, about 10 per cent 
of the total freight revenue, for which it pays upwards of a quarter of a 
billion dollars annually. Although less than 3 per cent of the crude 
production is moved by rail, in some regions where pipe-line facilities 
are not well developed — as in the Rocky Mountain region — rail transport 
of crude is a very essential phase of the petroleum industry. 

In 1936, 152,000 railroad tank cars were in use on the railroads of the 
United States in moving petroleum and its products. About 95 per 
cent of these, costing about $216,000,000, is owned by the oil companies 
or distributing agencies, only 5 per cent being owned by the railroads. 
Some of the larger oil companies have large fleets of privately owned 
cars engaged exclusively in moving their own products. A peculiarity 
of this service is that the products move in one direction only, cars being 
returned empty to the loading points at the refineries. The average 
haul for crude in 1932 was 403 miles, and the average tank car in use 
had a capacity of 266 bbl. The average speed of oil transport by rail is 
only about 5 miles per hour. 

Railroad oil-tank cars vary considerably in size and in detail of design. Capacities 
range from 6,000 to 14,500 gal. The oil container consists of a horizontal cylindrical 
tank with cupped or spherical ends, strapped to the bed of one or another of the 
several types of railroad flat cars. The cylinder is substantially built of riveted or 
welded steel plates, designed to resist all strains to which it may ordinarily be sub- 
jected. These include not only the dead load of the oil and the stresses imposed by 
the movement of the car but, in addition, allowance is made for a pressure of 60 lb. per 
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square incli whicli may develop within the car as a result of the vapor pressure of the 
liquids carried. Figure 360 illustrates a typical design that is widely used. 

Oil is charged into the tank through a connection on the turret. This turret 
serves also to provide an air space above the main body of the oil into which the oil 
may expand in case it is subjected to higher temperatures than those prevailing at the 
time and place of loading. Gas freed from the oil during transportation also accumu- 
lates in this space and is allowed to escape through a connecting blowoff valve in case 
the pressure exceeds that for which the car is designed. Oil is discharged from 
the tank through a valve in the bottom placed either at the center or at one end. 
Some tanks are equipped with steam coils which may be supplied with live steam from 
the locomotive, thus reducing the viscosity of the oil and facilitating its discharge. 




(.After Railway Age Gazette and American Car & Foundry Company.) 

Fig. 360. — Elevation and plan of a Type 7 tank car. 

Without steam equipment, the unloading of heavy viscous oils in cold climates 
becomes tedious. 

When oil is regularly shipped in large quantities by tank car, it is customary to 
erect a special “loading rack” to facilitate the filling of cars. This consists of a pipe 
line at one side of and paralleling the railroad track and elevated so that it is a few feet 
above the tops of the turrets on the cars (see Fig. 361). Connections with suitable 
valve controls are provided at intervals along the pipe, spaced apart to conform with 
the standard length of the cars. By this means, an entire train of cars may be loaded 
from the same pipe line at one time. Connections made of loose sleeves and elbows 
make possible the necessary adjustments to conform with slight variations in ths 
position of the cars and turrets. The flow of oil into the cars may be accomplished 
by gravity if the storage tank connecting with the pipe line is placed on a near-by 
hill at an elevation above the point of discharge. If the terrain is too level to permit 
of this, an oil-line pump must be installed. 

In certain regions of the United States, the cost of railroad bulk transportation of 
petroleum, to the shipper, has averaged between 3 and 4 cts. per ton-mfle. Because 







The vapor tension of the oil shipped must not exceed 10 lb. per square inch at a 
temperature of 100°F.; and it is not permissible to use a tank car for shipping oil 
that has a flash point lower than 20°F., unless it has been tested under a hydrostatic 
pressure of 60 lb. per square inch and equipped with safety valves adjusted to operate 
at a 25“ib. pressure. The car should not be entirely filled, a vacant space of at least 
2 per cent of the total capacity being left to permit of expansion of the oil in case of 
temperature variation. The car must be labeled with suitable placards giving warn- 
ing of the inflammable nature of the contents and instructions concerning the proper 
method of unloading and fire protection. 


MOTOR-TRUCK TRANSPORTATION OF PETROLEUM 


Though, motor trucks are widely used in short-haul transportation of 
refined oils, they are used by the producer only to a limited extent in 
transportation of crude petroleum. American oil companies use more 


of the high cost of rail transportation, this method of shipping is used only where 
pipe-line facilities and waterways are not available. The method is used chiefly in 
distributing fuel oil and refined products to inland points by the marketing agencies 
and also, to a considerable extent, by the railroads in meeting their fuel requirements. 


Regulations Governing Transportation 


Regulations governing the transportation of petroleum by rail have been issued 
by the American Railroad Association, with the endorsement of the Interstate Com- 
merce Commission. Tank cars must be free from leaks, and all valves, dome covers 
and valve caps must be in good condition and provided with suitable gaskets. The 
car must be equipped with a mechanically controlled dome cover, which cannot open 
while the car is under pressure. Brakes, journal boxes, trucks and safety appliances 
must be in proper condition for service. 


Fig. 361. — A typical loading rack. 
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than 126,000 trucks and tractor and trailer units, which represent an 
investment of upwards of $375,000,000. Many companies operate 
fleets of upwards of 1,000 tank trucks. Improved highway systems, 
larger capacity and more serviceable and economical trucks and advanc- 
ing railroad freight charges have made the motor truck increasingly 
popular. In portions of the Rocky Mountain region where pipe-line 
facilities are not available, crude petroleum is moved by truck from the 
producing fields to small local refineries situated at convenient railroad 
centers. Very high gravity oils, produced in some of the California 
fields, have been moved from the producing areas to marketing or 
distributing centers by this means. Much of the natural gasoline 
and butane produced in or near the oil and gas fields is transported from 
the field plants by trucks. Except in the handling of productions too 
small to justify the building of a pipe line, motor-truck transportation 
of crude petroleum is seldom feasible from an economic point of view. 
The cost averages about % of a cent per barrel-mile under favorable 
conditions. 


PIPE-LINE TRANSPORTATION OF NATURAL GAS 

Transportation of natural gas from wells where it is produced to the 
point of utilization elsewhere on the producing property, or to a near-by 
natural-gasoline extraction plant or to a shipping point, where it is 
received by a utility company for transmission to a distant market, is a 
matter of direct concern to the producer. The general features of 
gas-gathering systems for this purpose have already been discussed 
(see pages 529-532). 

Gas flows through any system of communicating pipes by reason of- 
pressure with which it is endowed and its inherent tendency to expand. 
It is often delivered at the well-head or released from the gas traps under 
suflBicient pressure to provide the necessary energy to accomplish its 
transmission, even to a distant market; but when field pressures decline, 
the gas reaching the surface is often under such low pressure that it 
must be compressed to force it through pipes to the point of use. The 
volume of gas that may be moved through a pipe line depends upon the 
differential pressure between the input and delivery ends of the line, 
and flow may be increased either by increasing pressure on the input end 
or by applying suction on the delivery end. Where the distance that 
the gas is to be moved is short, the transmission line of large diameter 
and the quantity of gas small, vacuum applied to the delivery end of the 
line is effective; but where the distance is great, the volume large and 
the pipe cross section small, resort must be had to compression to create 
a sufficiently large differential pressure to overcome flow resistance. 
Compression of gas is advantageous inasmuch as the smaller volume 
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thereby achieved may be transmitted with smaller diameter pipe and 
with lower flow velocity and pressure loss due to friction. This means 
that with a given pressure differential, the distance of transmission 
may be increased when the pressure is high in comparison with that 
possible at lower pressure. 

Gas-flow Formulas 

Many formulas have been suggested and used by different authorities for express- 
ing the relationships existing between the variables involved in flow of natural gas 
through pipe lines. Some of the simpler formulas are intended only for use under 
low-pressure conditions, such as obtain in a utility distributing system. Others, 
more complex, apply to high-pressure transmission systems such as must generally 
be used in field transportation of natural gas. Formulas thus far developed are 
empirical and have been derived from measurements of flow through existing pipe 
lines. Unfortunately, too little is yet known of the effects of changing values of gas 
viscosity, temperature, density and velocity in gas-transmission lines and of variation 
of natural gases at high pressure from the fundamental gas laws to permit of develop- 
ing formulas involving the Reynolds criterion comparable with the formulas avail- 
able for computing flow of liquids through pipes. 

Probably the best known and most used of the formulas employed in gas pipe-line 
design is that developed by T. R. Weymouth: 


In this formula, Q is the flow in cubic feet per hour; 

To is the absolute temperature base in degrees Fahrenheit; 

Po is the absolute pressure base in pounds per square inch; 

Pi is the absolute initial pressure of the gas in pounds per square inch; 
P 2 is the absolute final pressure of the gas in pounds per square inch; 
D is the inside diameter of the pipe in inches; 

G is the specific gravity of the flowing gas, compared with air as unity; 
T is the absolute temperature of the flowing gas in degrees Fahren- 
heit; and 

L is the length of the pipe line in miles. 

If it be assumed that To = 60°F., Po = 14.65 lb. (4 oz. above 1 atmosphere) and 
G = 0.60, the formula may be somewhat simplified: 


Q 




Weymouth’s formula applies only to flow of gas in pipe lines that have reasonably 
smooth interior surfaces. Old, rusty lines may deliver considerably less gas than 
computations indicate. The formula also assumes that natural gas follows Boyle’s 
Law; but as has been previously indicated, this is not the case at very high pressures, 
Diehl offers a formula fpr computing a factor to be applied in correcting for variation 
from Boyle’s Law. 

0.154P(ikf -f 4e -f 3c 4- 0.22a) 

^ 1,000 

Here, P is the deviation in per cent; 

P is the gage pressure in pounds per square inch; 


678 


OIL FIELD EXPLOITATION 


e is the per cent of ethane; 
c is the per cent of carbon dioxide; and 
a is the per cent of air. 

No correction is needed for nitrogen. The correction factor operates to increase the 
value of Q in the Weymouth formula. 

Mow computations frequently involve lines of changing diameter or looped lines 
of similar or different diameters. In such cases, the lengths of the component lines 
must be resolved into equivalent lengths of one of the pipe diameters chosen as a 
standard of comparison. S. Learned^^ offers the following formulas for computing 
eauivalent lengths of pipes of different diameter: 


Li' 


r 


L2' = D 


iW' 


In these expressions, L/ is the equivalent length of pipe of Do diameter; Li is the 
length of pipe of diameter Di; Di is the actual diameter of the pipe; and Do is the 
diameter of the pipe of equivalent length. Do^, L 2 and D 2 are equivalents for another 
section of pipe. The length L to be used in Weymouth^s formula is then the summa- 
tion of Li -{- L2 "I" * * * T“ Ln • 

In looped systems, comprising a system of pipes of varying lengths and diameters, 
all sections must be resolved into an equivalent diameter of pipe Do in length, by means 
of the formula 


Here, Di is the equivalent diameter of pipe Lo in length, and D is the diameter of pipe 
L in length. The equivalent total diameter of all sections is then found by the 
expression Do = (2)D'^^)'l^ and the capacity of the system is determined by sub- 
stituting values of Lo and Do in Weymouth^s formula. 


Gas Pipe-line Design 

The usual problem presented in the design of a natural-gas transmission system is 
that of transporting a given volume of gas per day over a specified distance, with a 
required delivery pressure. If the initial pressure is also fixed, the diameter of the 
pipe necessary to accomplish transmission can be directly computed by substituting 
specified values for Q, Pi, P 2 and L in the Weymouth formula. However, if com- 
pression of the gas is necessary, a balance must be struck between the initial pressure 
Pi and the pipe diameter D. This involves a ''cut-and-try” procedure, different 
values of Pi being assumed and the corresponding value of D being solved for, until 
the most practical and economical combination is found. Large-diameter pipe costs 
more initially but permits of the use of lower operating pressures. The former means 
greater capital expenditure initially, the latter lower operating expense. In long- 
distance pipe-line transmission of gas, it will be necessary to restore pressure at 
intervals along the line by providing one or more compressor stations, perhaps 50 to 
100 miles apart. In this event, the number of compressor stations also enters into 
the design problem as a third factor to be balanced against the initial pressure and 
the pipe diameter. There is a certain relationship between these three factors that 
will give maximum economy for any given output and distance of transmission. 

There are, of course, definite upper pressure limits above which it is unsafe or 
uneconomic to go. Although electrically welded line pipe and cast-steel valves and 
fittings capable of withstanding as much as 1,200 lb per square inch are available, 
compressors and pipe lines are seldom designed for such high pressures^ An upper 
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limit of 500 lb. per square inch is more common and is within the practical range of 
two-stage compression. Line leakage, a serious factor with some types of pipe joints, 
is likely to be greater at high than at low pressures. Gas pipe-line diameters range 
from 2 in. to as much as 26 in., depending upon the capacity desired and pressure 
conditions. Most gas gathering lines are 4, 6 or 8 in. Trunk transmission mains 
range in diameter upward from 6 in. In long-distance transmission, there is advan- 



Fig. 362. — Types of couplings used in gas pipe-line construction. A, Dresser coupling; 

B and C, Dayton couplings. 

tage in using ^‘tapered” lines, in which the pipe diameter is increased occasionally to 
keep pace with diminishing pressure. Lines should be as straight as possible, avoiding 
abrupt changes in direction. Every bend and fitting in the line means lost pressure 
and diminished transmission radius. 

Welded joints are now almost universally used on gas pipe lines. Formerly, 
screw joints and “coupling joints” were widely employed, and many of the older lines 



A B C 

Fig. 363.^ — Types of flexible couplings. A, “Titeline” coupling; B, “Victaulic” coupling 
for upset-end pipe; C, “Victaulic” coupling for groo%^ed-end pipe. 


employing such joints are still in use. The Dresser coupling, illustrated in Fig. 362, 
has been widely used in gas pipe-line construction. Victaulic couplings permit of a 
certain degi'ee of flexibility in lines where connections must be made to stationary 
objects, such as gas traps, scrubbers, cooling-tow^er coils, etc. (see Fig. 363). Welded 
lines are much to be preferred because they may be of thinner walled pipe— therefore 
cheaper— -aud’^they can be made practically secure against gas leakage. Methods of 
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gas pipe-line construction differ in no material respect from the methods described in 
a previous section for construction of oil pipe lines. 



{Courtesy of Chaplin-Fulton Mfg. Co.) 

Fig. 364. — Weight-balanced type of diaphragm gas-pressure regulator. 


Gas Pbesstjbe-eegtjlating Devices 


Gas pipe-line systems are frequently used for storage of gas or must 
for other reasons be maintained at pressures considerably above that 



Fig. 365. — Diaphragm valve, pilot-controlled type of gas-pressure regulator. 

at which gas may be delivered to a boiler plant, gas engine or other 
appliance. In such cases, the line serving the appliance must be equipped 
with a pressure regulator. There are several types, a choiojs depending 
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upon the conditions presented. Weight-balanced-diaphragm regulating 
valves, such as that illustrated in Fig. 364, are in common use. The 
pilot-controlled regulator pictured in Fig. 365 is an alternative type. 
Both are adjustable to maintain, within certain limits, any desired 
delivery pressure from a source having variable higher pressure. Another 
device frequently used in pressure regulation of low-pressure gas is the gas- 
ometer, an inverted cylinder with a water seal about the open lower end. 
Small gasometers are frequently employed in regulating the pressure of 



Fig. 366. — Ten million cubic foot gas holder used for natural-gas storage and pressure 

regulation. 

gas used in operating gas engines or, in larger sizes, on low-pressure gas- 
distributing systems. Gasometers of large capacity, such as illustrated 
in Fig. 366, are frequently used for gas storage as well as for pressure 
regulation. In some instances, capacities are as great as 20 million cubic 
feet. The pressure maintained is adjustable within narrow limits by 
appljdng weights to the top of the inverted tank. 

Gas Gompkession 

It is not within the purpose of the present volume to describe in 
detail the various features of compressors used in gas compression. 
Large-diamqJ^er long-stroke double-acting twin-tandem horizontal recip- 
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rocating compressors are commonly used (see Fig. 367). Compression 
may be accomplished in either one stage or two stages with iiitercooling 
and after-cooling. Cross-compound machines may be used for two- 
stage compression, though in some situations variable throughput in 
the different stages may lead to an unbalanced condition, making separate 
power units preferable for each stage. Where wells are delivering gas 
at different pressures, more may be handled by the high-pressure cylinder 
than by the low, intermediate-pressure gas ‘being taken into the system 
between the two stages. Unlike air compression, neither intake nor dis- 


(Courtesy of Cooper-Bessemer Corp.) 

Fig. 367. — Compressors used in compressing natural gas for long-distance transmission. 
Ten 760-lip. gas engines, direct-connected to twin-tandem compressors. 


charge pressures are fixed; hence, the throughput and power requirements 
are variable. Single-stage compression may be used for compression 
ratios up to 1 to 8. For ^higher ratios, two-stage compression becomes 
desirable from both the operating and economic standpoints. It is 
seldom advisable to compress gas through more than two stages for 
transmission purposes, though sometimes three stages will be necessary 
in compressing gas for injection into high-pressure formations or for use 
in starting deep gas-lift wells. The cost of gas compression has been 
previously discussed (see page 197). 


Early types of compressors used in compression of natural gas were driven by 
steam engines, but gas engines are now almost universally employed. Motor-driven 
units are less common. The compressor units may be either direct-connected or 
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belt-driven. To facilitate rapid and inexpensive installation for temporary or semi- 
permanent service, angle-type compressor units have lately been developed. These 
combine a horizontal compressor cylinder mounted on the same bed plate with a 
vertical multicylinder power unit. Such machines are available in either two- or 
our-cycle types and in capacities up to 600 hp. They require only light foundations 
and occupy less floor space than horizontal units of equivalent capacity. 

Power requirements for gas compression may not be precisely computed because 
of variable operating conditions, but the following formulas afford approximate 
determinations: 

For single-stage compression: 


Horsepower required per million cubic feet of gas compressed per day = 


102.2 


1.08 + 


2r2 


.0.96 - 0.02r 


log r. 


For two-stage compression with equal work in each stage: 
Horsepower required per million cubic feet of gas compressed per day = 

1.08 -b 


102.2 


Lo.96 - 0.02V 


log r. 


In these expressions, r is the ratio of absolute compression; that is, the value of absolute 
discharge pressure, in pounds per square inch, divided by the absolute suction pres- 
sure, in pounds per square inch. 
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CHAPTER XI 

. AUXILIARY PLANTS AND DEPARTMENTS 

The oil-producing property must usually be equipped with many 
facilities that make it practically independent of outside assistance or 
services, except for supplies and equipment. The employees must often 
live as a detached community, apart from the organized system of group 
service that characterizes ordinary city and town life. Both for the 
conduct of its direct activities in the production of oil and gas, as well as in 
providing for the comfort and well-being of its employees, the oil company 
must provide many and diverse facilities. There must be well-equipped 
shops to care for the necessary repairs to equipment and to fabricate and 
assemble much of the new equipment and tools used in the operation of 
the property. Buildings of various sorts must be provided to house 
equipment, supplies and personnel. There must be well-equipped offices, 
a laboratory and a drafting room to accommodate the clerical and tech- 
nical staffs. Transportation facilities must be provided to accomplish 
the movement of men, tools, supplies and equipment about over the 
property. Often the company must develop its own water supply, 
lighting plant, power plant and telephone system. Fire protection must 
be given careful attention, and one or more watchmen must be employed 
to police the property, particularly at night. For the convenience of 
employees living on the property, it will be necessary to erect and 
maintain dwellings, hotels, a store, and if the size of the community 
justifies, perhaps also a school, a church, a recreational center and a post- 
office. The officials of the company may even be called upon to exercise 
a paternal influence in the government and control of the working com- 
munity. These varied activities add greatly to the problem of operating 
the property, and though apparently of minor importance, may be 
vital to success. 

The Shops 

The shops constitute an important adjunct in the operation of an oil 
property. The ability to repair equipment promptly when necessary 
often means the saving of large sums of money. Tools and equipment 
must be kept in repair if the most efficient service is to be had from them. 
Much of the construction work incidental to expansion and replacement 
of worn-out plant units can be taken care of without outside help. The 
well-equipped oil-producing property must have its own machine shop, 
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forge shopj carpenter shop, electrical shop, boiler shop, pipe-fitting shop 
and tool-sharpening shop. The variety of work to be done and the intri- 
cate nature of much of it requires the best of equipment and highly skilled 
personnel. Much of it is heavy work, and the shop equipment provided 
must be rugged and substantial, high-powered and of large size. 

The machine shop must have one or more lathes, planers, drill presses, 
milling machines, bolt cutters and the miscellaneous equipment of small 
tools to take care of an infinite variety of repair jobs. The repair and 
manufacture of drilling tools and tool parts ordinarily occupies a large 
part of the attention of the machine-shop force during the development 
period ; and in connection with the operation of pumping wells, the repair 
of engines, pumps and pumping equipment often requires the services 
of skilled mechanics and shop facilities. If any construction work is in 
progress on the property, the machine shop force is apt to have an impor- 
tant share in it. 

The forge shop is customarily equipped with gas or oil-heated forges — 
preferably the former — at least one being of large size, with a steam ham- 
mer for heavy forging, with suitable tempering equipment for use with 
large tools of special steels and with the usual variety of anvils and small 
hand tools for routine forging. The forge-shop force will participate in 
much of the repair and construction work mentioned above in connection 
with the machine shop, and if drilling is in progress on the property, will 
often be required to take care of routine tool sharpening, the dulled bits 
being brought from the drilling rigs to the shop for the purpose. 

The pipe shop serves a useful function in the conduct of the work of 
the average oil-producing property because of the large amount of pipe 
and casing used. The pipe shop should be equipped for cutting threads 
of all kinds on pipes of all sizes, and high-powered pipe-threading 
machines capable of handling the largest sizes of casing should be pro- 
vided. There should also be equipment for cutting, bending and 
straightening pipe. Oxyacetylene and electric welding apparatus will be 
an important part of the pipe-shop equipment, since much pipe work in 
the oil fields is now connected with welded joints rather than screw joints. 
The pipe-shop force may be called upon to do nluch of its work in the field, 
though the preparation of the material and machine work is necessarily 
done in the shop. 

A large company will find it advantageous to operate its own sheet- 
metal shop, with facilities for repairing boilers, fabricating small and 
moderate-sized steel oil and water tanks and other like work. Such an 
establishment should be equipped with high-powered sheet-metal shears 
and punches and rolls for bending heavy plates to cylindrical form. 

A timber yard and carpenter shop are often provided, with facilities 
for framing’ rig timber and other woodwork. A small wood lathe, a 
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planer, a band saw and circular saw are useful in such a shop. There is 
always sufficient routine carpenter work about a property of any size to 
keep one or more carpenters busy, and at such times as erection of build- 
ings, rigs, jack-line structures and other timber work is in progress, the 
force may have to be temporarily augmented. 

Power Plant 

The power needs of the oil producer have been adequately described 
in Chap. IV, but reference* should be made at this point to what is 
regarded as the nerve center of the mechanical plant — the central power 
house. The equipment of the power plant will of course vary with 
the type of power and form of fuel used. Steam power and gas-engine 
power are common. In the former case, water-tube boilers fired with 
natural gas, fuel oil or crude oil will be employed, and every effort 
will be made to equip the plant for continuous and efficient service. 
Steam will be transmitted from this central plant through well-insulated 
distributing lines to the near-by wells, shops, dehydrating plant, pumping 
plant, natural-gas gasoline plant, topping plant or wherever steam 
may be needed for the development of heat or power. 

Within the power house, or in a building immediately adjoining, will 
be placed a steam engine of sufficient size to develop power for operation 
of an electric dynamo, and perhaps also, gas or air compressors, vacuum 
pumps, water pumps, oil pumps and such other power-driven mechanical 
equipment as can be conveniently grouped in the central power station. 
Power may be transmitted from the central power plant in other ways 
than by steam transmission. For example, compressed air developed by 
the operation, of air compressors within the power house may be used in 
operating air lifts in the near-by wells; or electric power generated in the 
power house may be used in operating motors in the shops, at the pump- 
ing wells or wherever small power units may be necessary. The dynamo 
also serves a useful purpose in furnishing electricity for lighting through- 
out the camp and at all rigs. In or about the power house may also be 
grouped various other facilities of a mechanical nature, such as the boiler 
water-treatment plant, icennachine, gas meters and pressure regulators, 
oil and gas gathering-line manifolds and controls. A limited number of 
power-house attendants employed on regular shifts may thus look after 
all of the mechanical equipment, which if scattered, would require the 
services of additional men. 

If a gas engine is used to develop power in the power house, the steam 
plant can be dispensed with, but steam is useful in supplying heat 
and pressure where needed throughout the plant. Electricity purchased 
from an outside power company may also supplant steam power, and 
adapts itself satisfactorily to most purposes. 
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Transportation is an important element of expense in the operation 
of an oil property and of considerable economic importance in the con- 
duct of the work. Operations are often spread over a wide area. The 
company may operate a. group of disconnected properties, some of which 
are many miles distant from the headquarters camp. Although the more 
remote “ leases may be equipped with separate facilities so that they are 
to a degree independent, there is always more or less transferring of 
equipment and supplies about from one property or from one part of the 
property to another. Cleaning or repair equipment used at one well 
today may be needed at another well at the opposite end of the field 
tomorrow. There must be regular transportation service from the near- 
est railroad station in moving supplies from the railroad to the warehouse 
and in transporting employees, baggage, express and mail. Certain com- 
pany officials have occasion to move continually about over the property 
in inspection duties and in visiting places where work is in progress. 
Gangs of workmen must be frequently shifted from one part of the field 
to another, wherever their services may be required. 

Tor all such purposes, prompt and rapid transportation is invaluable, 
and no more satisfactory means is ordinarily available than automotive 
transportation. The oil company commonly operates one or more 
motor trucks, ranging in capacity from 1 to 5 tons, for heavy trucking in 
moving equipment and supplies and gangs of workmen, whereas each 
official whose duties carry him into the field will be provided wdth an 
automobile of a type adapted to his needs. Some of the freight handled, 
such as casing, for example, is bulky and heavy, requiring a powerful 
truck of large capacity. Tractors are sometimes employed where roads 
are poor or unusually steep or where large quantities of supplies may be 
moved with ^^trailers.^^ Tractors and special winches mounted on 
tractors or motor trucks are widely employed in construction work in the 
field and for repair and clean-out operations at producing wells. Trench- 
ing machines are useful in pipe laying. 

Some of the field organizations of the larger oil companies will operate 
25 to 50 or even a greater number of cars and trucks, and the aggre- 
gate daily mileage may amount to hundreds qr even thousands of miles. 
Since the roads are often rough and the duty severe, the automotive 
equipment will require frequent repair and continual attention. Most 
oil companies of any size employ one or more mechanics skilled in the 
repair of automotive equipment, and a special repair shop and adequate 
garage facilities must necessarily be provided. 

Communication 

Commtinicatioii between all important offices, buildings and working 
places is cijstomarily by telephone. If there is a sufficient number of 


690 


OIL FIELD EXPLOITATION 


telephones in use, a central switchboard with an operator in attendance 
will be necessary. Often, however, a system of bell signals will serve 
in calling any of the telephones, which are then placed on a single line. 
The cost of the telephone system is soon repaid by the time saved in 
communication and by the promptness with which information may be 
transmitted and orders given in time of emergency. The property 
must also have telephonic communication with the outside world for the 
conduct of its business affairs, and for the general convenience of the 
employees. Radio telephony appears to have certain advantages for 
use on oil properties, particularly in establishing communication with 
wildcat wells in outlying districts where ordinary telephonic communica- 
tion might be dif&cult or costly. 

Administration Offices 

Suitable accommodations and equipment for the administrative, 
technical and clerical staffs must be made available. A single structure, 
varying in size with the number of individuals employed in such work, 
is usually adequate to house the office staff; and there is considerable 
advantage in having convenient association of the several offices, because 
of the close relationship that necessarily exists between them. Such 
an office building should provide private offices for the manager, various 
superintendents or department heads, chief engineer, resident geologist 
and purchasing agent. There must also be a large room or suite of 
rooms suitably equipped for the accounting, cost-keeping, stenographic 
and clerical staff, and a room or group of rooms for the use of the engineer- 
ing department. 

Equipment and Work of the Engineering Department 

In addition to the individual desk equipment, the engineering depart- 
ment should be equipped with drafting tables and drafting equipment, 
with surveying instruments, equipment for blueprinting, and perhaps 
also a photostat, which will be useful in maldng reduced-size copies of 
drawings, maps, sections, well logs, etc. Space must be reserved for a 
peg model and for the filing of maps, drawings and records. 

The engineering staff will be required to undertake various routine 
duties in addition to a great variety of special problems that may be 
assigned to it from time to time. Among the routine duties commonly 
assigned to the engineering staff will be the maintenance of graphic 
well logs and of a peg model of all wells on the company's and surround- 
ing properties, the care and preparation of field and property maps and 
geologic sections, the tabulation and graphic recording of production 
records for both oil and gas, and the routine work associated therewith, 
such as the daily adjusting of meters and the computations of gas flow 
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from meter charts. The planning and design of new additions to plant 
will be carried out in the engineer's office, as well as the preparation of 
drawings of special tools and machine parts to be made in the shops, or 
in some outside foundry. Much of the work of the engineering staff 
will be conducted in the field— the supervision and inspection of all 
structural work, such as erection of buildings and tanks, the construction 
of roads, reservoirs, pipe lines and mechanical plants of all sorts. In 
addition, the engineering staff may be given the general supervision, possi- 
bly in an advisory capacity, of all drilling wells and of repair work on 
wells. Various investigative problems may be assigned from time to 
time: investigations of the mechanical ej0B.ciency of plant units, such as 
boiler plants, engines, compressors, pumps ; investigations of the losses and 
extent of utilization of natural gas, of its gasoline content, of evapora- 
tion and seepage losses of oil in storage, of friction losses in pipe-line 
transmission of oil and gas; and studies of methods of securing maximum 
recovery of oil and gas from wells. These and an infinite variety of other 
special problems are presented to the engineering staff for solution. 

The resident geologist is often regarded as an independent official not 
directly related to the engineering staff, but if the engineering staff is 
supervised by a petroleum engineer, as it should be for best results, the 
work of the resident geologist may be considered a part of the duty 
of the general engineering staff. The work of the resident geologist 
consists primarily in advising in the development work and in making 
such studies of underground conditions as may be necessary in connection 
with the development of the property. He frequently visits each drilling 
well to secure first-hand information useful in compiling the well logs. 
Samples of the formations penetrated by the wells and of waters pro- 
duced from different horizons should be preserved by the geologist in 
suitably labeled bottles for future comparison. He should have primary 
responsibility for the suitable preservation of the well logs and will 
find graphic logs helpful in preparing geologic sections and structure 
contour maps. It should be his duty to locate new wells; to supply 
preliminary information on probable depth to production, and to 
important marker horizons; to make correlations of the strata penetrated 
in drilling wells; and to prescribe the positions of water shut-offs. 
The maintenance of a peg model will be useful in such work. The 
geologist may also be called upon to make special investigations on 
various subjects in which a knowledge and understanding of under- 
ground conditions, stratigraphy and geologic structure are important. 
For example, he may be required to make a detailed study of a 
particular group of wells that are afflicted with water incursion, in order 
to propose remedial measures; or he may be assigned the task of com- 
puting and valuing the oil reserves or of studying the palaeontological 
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and petrographic characteristics of the various formations penetrated 
by the wells as a means of correlating structure. 

Space may also be reserved in the office building for a laboratory^ 
though it is preferable to use a separate structure for this purpose if 
possible. This laboratory should be equipped with the usual instruments 
and apparatus employed in determining the physical properties of oils 
and natural gases, as well as with the ordinary chemical equipment used 
in routine analytical work. The laboratory staff will be required to make 
daily tests for water content, suspended solids and gravity of all oil 
samples brought in by the oil gagers (see page 551). Water samples 
froni the wells and from the water-treatment plant will require laboratory 
analyses. If a natural-gas gasoline extraction plant or a topping plant 
is operated on the property, frequent control analyses of final and inter- 
mediate products will be required. Testing of various materials pur- 
chased for use on the property, to determine whether or not they conform 
to prescribed specifications, may also be a part of the laboratory routine. 
A portion of the laboratory, equipped mth microscopic and petrographic 
equipment, should be reserved for the use of the resident geologist. 
Facilities for making screen analyses and porosity and permeability 
tests on formation samples will be helpful, and special racks and con- 
tainers should be provided for orderly preservation of core samples and 
fluid samples from drilling wells. 

In addition to such routine analytical and testing work, the facilities of 
a well-equipped laboratory will be invaluable in conducting special 
research on problems of importance in the operation of the property. 
Studies of corrosion of iron and steel casings, pipe lines, boiler tubes 
and tank metals; studies of the setting qualities of cement used in cement- 
ing wells; of the properties of mud-laden fluids and their action in rotary 
drilling; of oil-water emulsions, their formation and dehydration; of 
explosives used in well shooting; of the metallographic properties and 
heat treatment of steel used in drilling tools — these and a great variety 
of other similar research problems have been receiving the attention of 
the field laboratory staffs of the larger oil companies in recent years. 

The Agcountin(5 and Cost-keeping Department 

The work of this department is discussed in greater detail in Chap. 
XII. The equipment used in such work is too well known to require 
extended description and comment, except perhaps to point out that 
it is economy to provide all modern labor-saving office appliances. 
Loose-leaf ledgers and books for the accounting records are to be pre- 
ferred to the ordinary bound variety. Card filing systems should be 
adopted for the primary cost records and related records, and substantial 
and conveniently arranged filing cabinets should be provided. Type- 
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writers should be of modern type, with wide carriages and tabulating 
devices and equipped with special characters and symbols for engineering 
work. A dictating machine will be useful. Calculating machines are 
invaluable in performing computations in connection with the accounting, 
cost-keeping and time-keeping records. A mimeograph or other duplicat- 
ing machine will be useful in preparing duplicate copies of reports, cost 
records, notices and instructions to employees, etc. Files for cor- 
I respondence, reports and records of all sorts must be of ample capacity, 
suitably arranged and adapted to their intended purpose. An office 
j safe or vault for the storage of valuables, and preferably of sufficient 
size to receive the principal books of record and other valuable docu- 
ments, is a practical necessity. 

The Personnel Department 

] A comparatively recent development in the management of oil 

I properties is the establishment, by some of the larger companies, 'of 
personnel departments, charged with the duty of regulating industrial 
relations with their employees. To the personnel department is entrusted 
I the engaging of all employees, the maintenance of personnel records 

] and the rating of employees for promotion. The fostering of friendly 

i relations between the company and its employees, the planning and 

supervision of industrial welfare work and the prevention of accidents 
through education and safety-first” propaganda are among the other 
duties of the personnel department, 

! A typical organization of this sort maintains a field office at which all 

; individuals seeking employment make application. Each applicant is 

I required to give full particulars concerning his experience, education, 

I age, nationality, previous employment, etc., and to give oral or written 

I answers to a group of questions designed to test his knowledge of the 

I particular occupation which he seeks. Each applicant is rated on the 

I basis of this test and on his personal record, and in filling vacancies 

j the individual having the highest rating in his particular classification is 

; selected. Before entering the employ of the company, the applicant 

must pass a physical examination administered by the company’s 
physician to determine whether or not he has an organic disease or is 
otherwise physically unfit for his selected occupation. The company 
j operates a vocational training school in which employees may, if they so 

j desire, receive instruction in technical courses designed to increase their 

j knowledge and usefulness in their various occupations. Grades assigned 

in these courses, and ratings given by the foremen and superintendents 
every 6 months, provide the basis for occasional reclassification of 
employees. Promotions and salary increases are based largely on 
periodical personnel ratings. If an employee has a grievance or desires 
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a change of occupation, he takes the matter up with the personnel 
department, which is supposed in such matters to occupy a judicial 
position between the management and the employees. A foremen or 
superintendent, wishing to discharge an employee from his department, 
notifies the personnel officer, who may either sever the individuaFs con- 
nection with the company or offer him employment in some other 
department, as the circumstances may warrant. 

Every effort is made to reduce accidents and illness among employees 
by educational work of various sorts. Prizes are offered for “safety- 
first” suggestions. Competition is stimulated among the several depart- 
ments and working groups to secure the lowest accident rate. Occasional 
group meetings are held at which accident prevention in general is dis- 
cussed, specific accidents being analyzed by individual demonstration 
or with the aid of motion pictures. At such meetings also, employees 
are given instruction in first-aid, sanitation and personal hygiene. The 
company provides a well-equipped hospital with a physician and nurse 
in attendance at all times. 

In many cases, the personnel department is expected to take the 
initiative in organizing the social activities of the community. Competi- 
tive sports are fostered. Club rooms and reading rooms are provided 
by the company and supervised by the personnel department. Many 
of the larger companies publish monthly magazines with the purpose of 
fostering loyalty among the employees and a better understanding of 
industrial relationships. Regulations with respect to sick benefits, 
accident indemnity, retiring pensions, vacations and other similar 
welfare provisions may be conveniently administered by the personnel 
department; and the company may, through this organization, find a 
means of promoting more substantial welfare work among its employees 
by interesting them in the purchase of homes, insurance or the com- 
pany’s stocks and securities on some cooperative basis. 

The personnel department should be provided with adequate quarters, 
but for psychological reasons it is better that this office be somewhat 
apart from the other administrative offices. The department can best 
serve its intended purpose ii it has the full confidence of the employees, 
and an effort should be ipade to cultivate the idea that it represents their 
interests rather than those of the management. The department is 
presided over by a personnel officer, selected primarily for his ability 
as an organizer and for personal leadership. This “point of contact” 
between the company and its employees is an important one, and care 
should be taken in the selection of the man to fill such a position. 

Technical Library 

For the use of the technical and administrative staff, it i§ desirable 
that the company should maintain a technical library containing the 
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better known reference books on petroleum technology, geology, chem- 
istry and general engineering. Files of government publications on 
petroleum technology and geology, transactions and bulletins of the 
technical societies, statistical reports on the oil industry, trade catalogues 
and technical journals will also be useful. Some of the larger oil com- 
panies, in their headquarters libraries, have found this work of sufficient 
importance to justify the employment of a librarian, who is required 
to index carefully and file all technical and statistical material bearing 
on the oil industry and prepare bibliographies and technical reports on 
specific subjects when requested to do so. 

The Storehouse and Related Appurtenances 

On the average, about 25 per cent of the cost of producing petroleum 
is represented by supplies and equipment consumed in the work. The 
sums annually expended for materials are therefore large, and the care 
and distribution of them becomes an important aspect of the business 
of oil production. Every article, no matter how small, represents money, 
and should be given the same care and attention as though it were actual 
cash. Banking principles are applicable to stores as well as to money. 
Every item of merchandise is charged against the storehouse when it is 
received, and the storekeeper is held responsible for it until it is issued 
on a requisition signed by some authorized individual. 

Proper care of stores requires that a suitable warehouse be provided, 
with protection against theft and exposure to weather. The warehouse 
should be a long one-storied structure, surrounded by a platform on all 
sides, and with large sliding doors on the sides so that material unloaded 
on the platform can be trucked directly into the building without turning 
corners. For convenience in handling heavy freight, the warehouse 
platform should, if possible, be on the same level as that of the bed of 
the truck, wagon or railroad car in which material is delivered or removed. 
In some cases, arrangements are made for driving motor trucks directly 
into the building, so that the unloading platform may be under cover. 
In this case, an overhead traveling crane will be useful in moving heavy 
equipment directly from the delivery truck to its place of storage. With- 
in, the warehouse is equipped with suitably arranged tiers of shelving, 
bins or racks for the storage of the stock. In addition, open floor space 
must be reserved for the storage of unusually heavy or bulky objects, 
and there must be ample aisle space for trucking materials to and from 
their place of storage. A systematic arrangement of stores should be 
worked out that will bring all similar or like articles together, and those 
in greatest demand should be most accessible. 

The storekeeper, who is made responsible for the care and issuance 
of all stores,^ has His office in the warehouse and maintains a complete 
record covering receipt and issuance of all materials and of supply 
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inventories (see page 723). Only the storekeeper and his assistants 
should be permitted to have access to the stores, individuals applying 
for materials on requisitions receiving them across a counter in the usual 
way. 

There must ordinarily be a division of stores, some material being too 
heavy or too bulky to place in the same building with other materials, 
whereas others must be stored separately because of danger or fire risk. 
Casing, for example, is usually stored on out-of-door casing racks; timber 
and lumber, in a timber yard; coal and coke, if necessary on the property, 
may be stored in stock piles; bar iron, rails, small pipe, boiler tubes, etc., 
are conveniently stored in long, substantially built racks. Fluid supplies 
purchased m large volumes, such as lubricating oils and gasoline, should 
be kept in a fireproof oil house. Metal storage tanks, equipped with 
suitable drains and valve controls, should be provided for lubricants, 
since the wooden barrels in which they are shipped are often leaky, 
occasioning heavy seepage losses and increasing the fire risk. Explosives 
must be stored in a fireproof magazine, well away from other buildings. 

Small stocks of frequently used materials may, as a matter of con- 
venience, be kept on various parts of the property outside of the ware- 
house. For example, a small stock of bolts, nuts, washers, rivets, nails, 
waste, packing, etc., will be maintained in the machine shop for current 
use. Small quantities of lubricating oil must be in reserve at the various 
wells, in the power house, shops, the garage or wherever machinery is 
operated. Stock supplies of this character may be drawn in quantities 
sufficient for a week^s needs by the several departments, thus relieving 
the storekeeping records of a host of small requisitions. In the case of 
a group of scattered properties, it will be advisable to maintain well- 
equipped branch storehouses at each property. 

The Tool Rack 

Tools, like routine supplies, represent money, and should be given 
the same care and attention as is customarily given to merchandise in 
the warehouse. The variety of tools used on an oil-producing property 
is large, and a suitable place of storage should be provided. Usually 
a tool rack will be built for this purpose, as an adjunct to the warehouse, 
and the tools will be placed under the care of the storekeeper who charges 
them out and in as they are taken from or returned to the rack. A 
record should be kept of the location of each tool when it is not on the 
rack, so that if it should be urgently needed, the individual in charge 
of the tools would know exactly where to find it. The tools stored are, 
for the most part, drilling and fishing tools, heavy and cumbersome, and 
for convenience the rack should preferably be on a platform built at 
the same level as the bed of a motor truck, with a roof overhead, but 
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without walls. Timber supports make it possible to stand the tools 
on end for convenience in handling and inspection. Because of the 
great weight of many of these tools, a chain hoist suspended from a 
swinging crane or from a small traveling crane is of great assistance in 
handling them from the rack to the motor truck or other conveyance 
used. 


Water Supply 

An adequate supply of water is absolutely essential in the develop- 
ment and operation of an oil-producing property. Aside from the 
necessity of a source of pure water for drinking and general camp pur- 
poses, it is necessary in the generation of steam power, in cooling gas 
engines and other types of internal-combustion engines, in fire protection 
and in cooling towers used in connection with natural-gas gasoline 
extraction plants. Water is also necessary in the drilling and cementing 
of wells, particularly in rotary drilling, where the circulation of a large 
quantity of liquid must be maintained. 

If a sufficient supply of water cannot be impounded in reservoirs or 
secured from surface streams, it is usually possible to utilize ground 
water pumped from wells drilled for the purpose. The drilling of water 
wells and pumping of water therefrom may prove expensive, however, 
and the water is often brackish or even highly saline, requiring chemical 
treatment before it is suitable for use (see page 280). In some oil fields, 
local water companies, operating as pubfic utilities, do a lucrative 
business. 

In addition to developing a supply of water, the oil operator is con- 
fronted with the necessity of accomplishing its distribution. This 
requires a carefully constructed system of piping leading from a reservoir 
or elevated tank, to give the necessary pressure, to the various points of 
use. Often the water must be initially pumped to the elevated position. 

Salt-water Disposal Systems in Oil Fields 

In many oil fields, large volumes of water^are produced with the oil 
from the wells. This water often has a high salt content, and if allowed 
to flow into the fresh-water surface streams, will prevent use of the surface 
water for irrigation or other purposes, or it may be destructive to fish 
life. Most states and communities have laws restricting pollution of 
fresh-water surface streams, and oil producers are compelled to adopt 
some method of disposing of waste salt water from their properties so 
that no damage will result. All such water may be drained into storage 
sumps, reservoirs or ponds of adequate capacity, where it evaporates or 
seeps into the subsoil; or it may be pumped into wells tapping permeable 
low-pressure'" strata below the fresh-water level and capable of absorbing 
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large quantities. It may be stored during dry seasons and then gradually 
drained to the surface streams during flood periods when it will do less 
damage. In some of the California fields near the Pacific coast, gathering 
lines and trunk pipe lines have been built to transport brine from the 
producing properties to the ocean shore. Elaborate concrete-walled 
sumps, in which the water is accumulated and through which it slowly 
flows, provide a means of separating oil that may drain with the water 
into the disposal system. In and near large communities, the brine may 
be a welcome addition to the sewage-disposal facilities. 

In a number of instances, oil producers have met the salt-water 
disposal iss^ue as a community problem, organizing nonprofit com- 
panies to construct and operate the disposal facilities, member companies 
sharing the expense in accordance with their respective contributions 
to the total volume of fluid handled. Capital investments have in some 
of these community projects amounted to several hundred thousand 
dollars, and annual operating costs have ranged from $10,000 to $25,000. 
However, capacities are large, in some instances as large as 100,000 bbl. 
per day; and because of the large volume of fluid handled, unit disposal 
costs have been as low as $0.0015 per barrel. In some instances, bromine, 
iodine and other salts present in oil-field brines have justified use of 
chemical methods for their recovery, the value of the salts recovered 
reducing, to some extent, the cost of brine disposal. 

Euectric Lighting 

Incandescent lamps provide the most satisfactory means of lighting, 
and current for this purpose is readily developed by and distributed 
from a generator placed in the power house. Aside from the superiority 
of the ordinary incandescent lamp in providing illumination for grounds 
and buildings, considerations of safety require its use in the vicinity of 
oil and gas wells, storage tanks, gas-compression plants or wherever 
inflammable vapor may be present. A lamp placed on the end of the 
beam at each pumping well serves to advise a distant observer of any 
interruption in pumping s<^vice during the hours of darkness, a consider- 
able aid to the “pumper^’ in operating a group of scattered wells. 

Transmission of current for lighting purposes may best be accom- 
plished with an ordinary balanced three-wire circuit, using 110-volt 
current to avoid the necessity for transformers. A two-wire system will 
be suitable if the distance of transmission is not too great. 

At wildcat wells remote from camp facilities and transmission lines, 
it is often economical to install a small steam-driven turbogenerator at 
the boiler plant that serves the well. Generators of this type will 
deliver 1 or Ij'f kw. and can be installed and operated at small cost. 
Considered as a protection against fire, its initial cost becomes negligible. 
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Fire Protection 

Fire protection has been discussed to some extent in its relation to 
high-pressure oil and gas wells in Chap. XI, voL I of this work, and the 
prevention and control of oil-tank fires have been discussed in Chap. 
IX, but other aspects of the subject should be mentioned at this time in 
connection with the protection of buildings and general camp facilities. 
A liberal supply of hand fire extinguishers of approved type, well dis- 
tributed throughout the plant, is economy. Though buildings may be 
and usually are insured, there can be no insurance against the delay 
and inconvenience that results through the loss of an important plant 
unit, and the knowledge that the plant is insured should not prevent 
the exercise of due vigilance and preparedness toward fire protection. 
In addition to the well-known soda-acid carbonic-acid hand extinguishers, 
which operate automatically when inverted, carbon tetrachloride 
(pyrene) and ^^foamite” froth-forming solutions (see page 625) are now 
widely used. Pyrene guns are especially useful in ofiices, laboratories, 
power houses and shops in controlling small fires in the incipient stages. 
Foamite solutions applied from hand pails, the two solutions being kept 
in separate compartments of the bucket, uniting when thrown, are useful 
in extinguishing small fires extending over floors and surfaces of small 
open tanks. 

A large water main with fire hydrants located at strategic points 
should traverse the camp, particularly in the vicinity of the more impor- 
tant buildings and plant units. Fire hose of large diameter, conveniently 
coiled or reeled for ready use, should be placed in weatherproof boxes 
near the water connections, or a hose cart kept at some central sta- 
tion may be equipped with a long line of hose for transporting water 
to buildings located at some distance from the water supply. If the 
water system is under low pressure, a high-pressure transfer pump may 
be placed in the power house and connected with the water main, to be 
operated only in case of fire. A group of men trained in the use of the 
fire-fighting equipment and held accountable for service in time of fire 
should be within call of the power-house fire w^histle. 

Accommodations for Employees 

Although not directly concerned with the development and operation 
of the property, the provision of boarding houses, bunkhouses and 
dwellings is an absolute necessity if the property is remote from any 
town where living accommodations may be had. Considerations of 
labor efficiency and contentment among the employees require that this 
aspect of the oil company's activities should not be slighted. 

The boarding house is often operated by the company, with a manager 
or steward employed under salary, though many companies seek to 
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avoid responsibility for culinary difficulties by leasing the facilities to 
outsiders. Board is provided for employees of the company at a stipu- 
lated monthly rate^ which often enters as consideration in the employees^ 
wage or salary agreements. It is sometimes stipulated, if other privately 
owned boarding houses are operated in the vicinity, that all unmarried 
men shall board at the company’s establishment. 

Sleeping quarters for employees should be comfortably furnished, and 
accommodations should be ample to prevent overcrowding. Rooms 
should be well lighted and ventilated, and provision should be made for 
heating them during cold weather. In a warm climate, it is desirable 
to have wide verandas, double-roof construction and other features, 
such as shower baths, tending toward warm-weather comfort. Small or 
moderately large units of 6 to 12 rooms each are preferable to a single 
bunkhouse, since the latter is apt to be noisy and the fire risk is greater. 
In many cases, bedding is not furnished in the bunkhouses, the occupants 
being required to furnish their own equipment except for the fixtures, 
such as beds, chairs and mattresses. 

Often separate and more pretentious accommodations are provided 
for the administrative and technical staffs, with well-furnished rooms 
cared for by a salaried attendant. Perhaps a cook will also be employed 
and a staff dining service maintained, so that the company officials may 
live entirely apart from the general group of employees. Such an 
establishment, if equipped vdth surplus facilities, will serve for the 
entertainment of visiting company officials and guests. 

Cottages of four or five rooms are customarily built by the company 
for the accommodation of married employees. These are generally 
rented unfurnished and are grouped together on a section of the property 
somewhat apart from the industrial center of the camp and from the 
general bunkhouses provided for unmarried men. Double houses, 
designed for the accommodation of two families, can ordinarily be built 
at lower cost than individual cottages of equivalent capacity. More 
commodious and better equipped houses are usually provided for the 
members of the administrative staff and their families, and these too, are 
located somewhat apart ^rom the main group of buildings comprising 
the camp. 

Some companies are able to realize a considerable profit on the rentals 
and board money paid by employees for such facilities, but in many 
cases they are maintained at cost, or even at a loss. It is undoubtedly 
a poor policy to give anything less than full value for money paid by 
employees for board, lodging and rentals, and some companies spend a 
portion of the money allotted for welfare work among the employees in 
improving these services. 

One of the first principles of industrial efficiency is that the workman 
must be reasonably contented with his surroundings. With the aim of 


auxiliary PLANTS AND DEPARTMENTS 


701 


making the camp surroundings more attractive, lawns, gardens and 
trees are planted, and one or more individuals may be employed in 
caring for them and in keeping the camp buildings and grounds orderly. 
A swimming pool, a baseball field and tennis^ courts will be popular 
features. 

Camp sanitation^ is an important consideration, one that often 
receives but scant attention until the community is visited by a costly 
epidemic. The company physician should be asked to advise on matters 
of sanitation and general health conditions within the community, and 
the management should make every effort to provide the best possible 
facilities for improving conditions in this respect. Sanitary toilets and an 
adequate system of sewage disposal should be provided. Garbage and 
general camp refuse should be gathered and disposed of systematically. 
Pools of stagnant water in the vicinity of the camp should be drained and 
mosquitoes and flies exterminated. The water supply should be occasion- 
ally inspected and tested. Individuals having contagious diseases 
should be promptly placed in the hospital and quarantined. 

The Camp Store 

For the convenience of employees on oil properties remote from towns 
and sources of supply, it is often desirable to have within the camp a 
store dealing in general merchandise. Such an establishment may 
also conveniently serve as the camp post office, express office and tele- 
phone exchange. The company will in some cases operate the store 
under the direction of a salaried manager for ordinary commercial 
profits, but most companies prefer to lease the facilities to a reputable 
merchant. Operation by the company has the advantage that a plan 
of cooperative buying may be worked out, resulting in lower prices 
and greater satisfaction to the customers, and consequently indirect 
advantage to the company through less insistent demand for higher 
wages. Many companies prefer, however, to avoid the criticism that 
seems inseparable from company-operated institutions by placing the 
store under independent management. Employees are usually given 
a limited credit at the store, the amounts due for merchandise supplied 
to individuals during each month being deducted from their monthly 
pay checks. 

Buildings for Oil-field Service 

The type of building to select for oil-field purposes will depend upon 
the use to which it is to be put, the climate, the fire risk and the probable 
life of the field. Many oil fields are so short-lived that only inexpensive, 
semipermanent structures are justified. For shop buildings, ware^ 
houses and ‘power houses, a simple timber-frame structure, sheathed 
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with corrugated galvanized iron, is well adapted. Such a building will 
be inexpensive, fire resisting and will have a life of 10 to 20 years in most 
climates. Galvanized iron, however, gives poor protection against 
extremes of heat and cold and is therefore not well adapted for office 
buildings, bunkhouses or dwellings. For such purposes, buildings of 
wood or hollow tile, with double walls and floors, should be provided. 
Building space is not ordinarily a factor of importance in oil-camp con- 
struction; hence, buildings may be located well apart in order to secure 
the maximum of light and to reduce the fire risk. 
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CHAPTER XII 

OFFICE METHODS AND RECORDS 

The importance of an adequate system of reports, records and 
accounts as an aid in the management of an oil-producing property is 
recognized by every engineer. A capable manager requires, first of all, 
an intimate knowledge of every detail of the operations under his control; 
but owing to the complexity of the business of oil production and the large 
scale upon which operations are usually conducted, it is often impossible 
for him to exercise direct personal control. Division of responsibility, 
with the creation of staff relationships, is a logical development of 
this condition; and with this comes the necessity for a well-coordi- 
nated system of administrative records and reports. The financial 
aspects of the oil company's business require also a complete accounting 
for all income and expense, in order that profits or losses may be accu- 
rately determined. Cost records must be devised and maintained to 
provide a basis for analyzing the work of various departments and for 
distinguishing between the profitable and unprofitable elements of the 
business. For the same purpose, the production of the property, as a 
whole and of each individual productive unit, must be carefully recorded; 
and further, the disposition of the product must be known in detail 
in order that accounts due the company may not be overlooked. Sup- 
plies, labor and miscellaneous services are necessary in operating the 
property; and in regulating payments to the individuals and agencies 
furnishing these commodities and services, a careful record of their 
value must be preserved. 

In the oil-field office it is customary to prepare and maintain six 
different series of records which may be broadly classified as follows: 
(1) the accounting records, (2) the cost records, (3) records concerning 
the payment and distribution of labor, (4) records concerning the pur- 
chase and distribution of supplies and power, X5) production records 
and (6) administrative reports. 

Organization of Oil Companies. — ^The planning of a satisfactory 
system of records and reports requires that a definite understanding be 
reached concerning the responsibility and authority of all individuals in 
the organization and of their relationship one to another. When this 
has been satisfactorily determined, it is well to record the resulting plan 
in an organization diagram. Figure 368 presents a common form of 
organization appropriate for a typical oil-producing company, 
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The clerical work of the oil-company staff is usually divided between 
two (or more) offices, one group of executives and clerical workers being 
located in the field, on or near the producing property, whereas the other 
constitutes the personnel of the “home^^ office, located in the city in 
which the company has established its headquarters — usually a city in 
the state or country in which the company is“ incorporated. Between 
these two offices there is necessarily frequent communication. In 
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Fig. 368. — Organization diagram for an oil-producing company. 


many cases, the records "^and reports prepared in the field office are 
primarily for the advice of the head office officials. 

A SYSTEM OF ACCOUNTS FOR AN OIL-PRODUCING COMPANY 

In devising a system of accounts, it is important to have a sufficient 
number, so that the interests of every department or subdivision of the 
business are properly cared for, and so that no single account will have 
to serve more than one purpose. Since oil production is an intricate 
business, requiring many different activities, there must necessarily 
be a considerable number of different accounts. .In Fig. ^369 there is 
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300. Riant Accounts: 


(Separate accourrt for 
each p/ant unit^shoyyinp 
first cost plus repiace- 
meats and Jmproyemenb) 


DISTRIBUTING ACCTS. 


ZOl. Machine Shop Acct. 
Zoz Forge Shop Account. 
203. Carpenter Shop Acct. 
Z04. Air Compression Acct. 
205. Store Nouse Account. 
205. F/ectric light Acct. 
207. Nater Account. 

203. Neat/ng Account. 

209. Sarage Account 
2/0. Stable Account 
2/1 Transportation Acct. 
ZlZ Fire Rotection Acct. 
Z/3 Boiier Riant Acct 
244. fhryer Distribution Ac. 
2/5. hfeii Drii ting Acct 
Z/6. Ne/I RepaJnnp Acct. 
Z/7. Crmfract Pri/iihgAccL 
Zt8. Contract iAynenting Ac. 
2/9. Contract ITyrkmiitj^Ao 
220. Ne// Pimping Account. 
22/- OH GatberiigSysterr? A. 
222. Sas DatheringSystemA. 
223 Sand Sepanating Acct 
224. Gas SepanatingAcct. 
ZZ5. Dehydrating Acct. 

226. Oil Gauging Acct. 

227. Gas Gauging Acct 
ZZ$. 0/7 Storage Acaount 
ZZS. JEngineerirtgDeptAc. 
230. Chemical Laboratory A 
23/. Insurance Acct 

232. Taxes Acct 

233. Maintenance and 

Minor Repairs Acct 


Fxg. 369. — Mam4edger system of accounts for an oil-producing company. (Accounts 
underlined may be further subdivided.) 
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presented a diagram illustrating the relationship existing between the 
various accounts of a typical main ledger system for an oil-producing 
company. Every account represents a separate department or interest. 
The arrows show the normal course of entries to and from the different 
accounts. It is advisable to prescribe the course of all ledger entries 
rigidly, so that all similar transactions will be recorded in the same man- 
ner and will take the same course through the accounts. Such a diagram 
standardizes the accounting procedure and largely eliminates the personal 
factor in such matters. 

In explanation of the system of accounts illustrated in Fig. 369, it 
should be noted that all items of income and expense are provided with 
an account for primary entry. A group of creditors^ personal accounts 
take care of all credit entries, indicating the source of assets received, 
such as capital, labor, equipment, supplies and power. Appropriately 
named accounts provide places of entry for corresponding debit entries. 
A group of production and sales accounts provide a means of recording 
transfers of oil, gas and other assets to debtors^ personal accounts. The 
company^s various financial interests are represented in the system by a 
number of appropriately named capital accounts and cash and securities 
accounts. As an aid in determining the cost of operating the several 
departments of the business, we must have a group of operating accounts. 
These yield production that is directly responsible for the company's 
revenue. Some departments are not in themselves productive of revenue, 
but are engaged in supplying services of various sorts to the directly 
productive departments. These are permitted to distribute their 
operating costs among the other departments to which they render 
service, and for this purpose we must have a group of '^distributing^’ 
accounts. To provide a means of holding in abeyance certain capital 
expenditures for assets productive of revenue over a long period of time 
and distributing their value over the period of their use, accounting 
principles require that we establish a group of suspense accounts. These 
include chiefly the plant, property and development accounts, which are 
permitted to make periodical transfers of charges against the operating 
and distributing accounts to cover depreciation of plant and depletion 
of property. 

The Fustancial Accounts 

The financial accounts comprise several groups. The capital accounts 
are concerned with stock subscriptions, assessments, dividends and 
other related matters involved in securing and refunding capital. The 
cash and securities group of accounts includes a variety of fund accounts 
provided for various purposes and othersior recording interest returns and 
other sources of pecuniary income. As a means of determining changes 
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in net worth, a profit and loss account is provided, under which expendi- 
ture is periodically balanced against income. The accounts receivable 
and accounts payable accounts are not essential but are useful in bringing 
to a focus a large number of related transactions so that their aggregate 
influence on profit and loss may be readily summarized. 

The Expense Accounts 

The expense accounts are accounts of primary entry for stores, labor, 
power and miscellaneous expense and provide a means of determining 
total primary expenditure before spreading over the operating, distribut- 
ing, plant and development accounts. 

The Distributing Accounts 

The distributing accounts include all accounts representing depart- 
ments that provide services of various sorts for other departments. 
The3^ are not permitted to carry debit balances forward from one period 
to another, and hence must distribute their operating expense periodically 
over the departments receiving the services that they provide. The 
basis for distribution will vary, depending upon the nature of the services 
rendered. In some cases, as in the shop accounts, distribution may be 
made according to computations showing the actual cost of the work 
done; in certain of the distributing accounts, distribution of expense 
will be based upon the number of units of service supplied, as in the 
electric-lighting account; in others, distribution will be according to the 
quantity of oil handled or produced, as in the oil-dehydrating account; 
and in some cases, as in trucking, time spent will be found an equitable 
basis for distributing the expense. 

The Suspense Accounts and Related Accounts 

Capital expended in purchasing and developing oil property, and in 
equipping it for operation, is productive of revenue over a relatively long 
period of time, usually throughout the productive life of the property. 
Such expenditures often involve large sums, and it would obviously be 
unfair to charge them against the operating costs of the particular period 
in which they were incurred. A more equitable plan is that of holding 
them in suspense and prorating them on some suitable basis against the 
operating costs of the entire period over which they are of service. 
Expense incurred in the purchase and development of property and the 
provision of plant is charged against the property account, the develop- 
ment account or the plant account, as the case may be, and when the total 
cost of the development work or plant unit is determined, it is carried into 
a similarly named unexpired capital outlay account. Here it is held in 
reserve over the period of use, periodical charges being made on some 
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suitable basis against the operating and distributing accounts through 
the depreciation and depletion accounts. Expense representing plant 
which is of service for a comparatively short period of time, say for less 
than one year, should be excluded from the suspense group and charged 
directly against the operating or distributing accounts as maintenance 
expense. Consideration of the nature of depreciation of oil-field plant 
and depletion of oil property leads to the conclusion that the former should 
be charged off on a time (straight-line) basis, whereas the latter, as well as 
the cost of development, should be written off in annual sums proportional 
to the quantity of oil produced; that is, according to the theoretical pro- 
duction-decline curve of the property. Although the sums to be charged 
against revenue as depletion and depreciation are revised annually, the 
annual contributions so determined are actually applied in monthly 
installments, so that each cost period bears its proportionate share of the 
burden. 


The Operating Accounts 

The operating accounts are those which are immediately productive 
of revenue. If full detail is required, we must have a separate operating 
account for each weli^ and against this will be charged the cost of power, 
labor, materials, maintenance and minor repairs, depreciation, depletion 
and miscellaneous distributed Expense incurred in operating that par- 
ticular well. The primary purpose of this procedure is to ascertain the 
cost of operating each well, a figure that may be contrasted with the 
value of its production to determine whether or not the operation of 
the well is profitable and to what degree. In addition, we must have as a 
member of the group of operating accounts a general expense account, 
to take care of items of operating expense of so general a character that 
they cannot be allocated directly against any particular well or depart- 
ment. If the company is operating a natural-gas gasoline-extraction 
plant or a topping plant on the property, there must also be additional 
operating accounts covering these profit-earning activities. 

The Income Accounts 

The income accounts inclufie a group of production and sales accounts 
that record the income defived from the product of the property. Thus, 
we will have an oil-production account, a gas-production account, an 
oil-sales account and a gas-sales account. The production accounts 
must be distinguished from the sales accounts in order to provide a means 
of accounting for product on hand awaiting sale. Oil and gas will be 
debited under the appropriate production accounts at cost value as soon as 
produced, and when sold, the production accounts will be credited and 
the value carried through the sales accounts and debited against the pur- 
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chaser^s account. The unbalanced increment or decrement between 
cost of production and selling price will eventually appear under the 
profit and loss account when expense is balanced against income. 

The Books op Account 

In addition to the conventional ledger, journal, day book and cash 
book, a variety of other books and forms are desirable in facilitating the 
work of the oil-company accountant. 

Miscellaneous side ledgers are useful in relieving the main ledger of a 
host of minor accounts. For example, we may have a sundry creditors’ 
ledger and a sundry debtors’ ledger, in which the accounts of com- 
panies, firms and individuals with whom we have dealings may be kept. 
In addition, books of ledger form are usually provided to serve as a 
stock subscription register and dividend register. Other side ledgers 
may be used for the relatively inactive plant, property and development 
accounts; and still another may be employed iti recording the details 
of plant depreciation and property depletion. If full detail is desired 
in accounting for the cost of operating each well and each department, 
it will be found convenient to maintain an operating accounts ledger and 
a distributing accounts ledger. By arranging that each one of these side 
ledgers shall be represented in the main ledger by summarizing accounts, 
the permanent record provided by the main ledger may be much 
simplified. 

The cashbook should be supplemented by a check register in which 
a serial record of all checks issued is kept, whereas a voucher record book 
provides a similar means of keeping systematic account of vouchers issued 
in connection with the company’s internal business affairs. Separate 
accounts payable and accounts receivable books are useful in regulating 
the payment of bills and collection of revenue. 

The primary record of expenditures for labor and supplies may con- 
veniently be a periodical form report. Thus, it may be arranged to have 
the timekeeper or paymaster submit a monthly payroll summary, whereas 
the storekeeper presents a monthly report of stores received and issued. 
Such reports serve as a substitute for a groiip of accounts arranged in 
ledger form, and their total figures may be the basis for debit and credit 
entries made monthly in the main ledger. 

In recording depreciation of plant, a register of plant must be pro- 
vided, in which is entered the first cost of each plant unit, together with 
subsequent extensive repairs, replacements and renewals, so that the 
total investment may be determined (see Fig. 370), Estimates are 
made of the useful life of each plant unit and of the depreciation rate 
in order that appropriate annual reductions in remaining service value 
may be copaputed. Annual surveys of the plant should be conducted 
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to determine the condition of each plant unit, and if original life estimates 
are found to be in error, they may be revised from year to year. The 


Physical Plant Depr.eciation Record 


Electrical DehyciraHngf P/ani. 


I9Z/ to iff— 



{From a paper by the author in National Petroleum News.) 
Fig. 370. — Typical form for “Register of Plant” record card. 


Property and .Development Depiction Record 


Emera/d Lease (N.W4ofSec.Z9,T.3IS.,P.ISE.,M.D.M.j 
Title: P/rchased in Fee, Co3t^46,000. 



{Prom a paper hy the author in National Petroleum News.) 
Fig. 371.-— Typical form for “Property Register” record card. 

primary purpose of such a record is to spread the cost of plant, in the cost- 
accounting records, over the period of its use as uniformly as possible. 
It is also useful, however, in determining insurance premiums and in 
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making income-tax returns. Suitable depreciation rates for various 
classes of oil-field plant are given in Table XXXVI, though it should be 


Table XXXVI. Average Useful-life Periods and Depreciation Rates for 

Oil-field Plant* 


Equipment 

Average useful 
life, yr. 

Annual deprec. 
rate, per cent 

Equipment 

Average useful 
life, yr. 

Annual deprec. 
rate, per cent 

Drilling equipment 

4 

40-25 

Refineries: 





15-10 

Class 1. Located at point as- 



Dehydrators: 



suring long supply of crude; 



Electric 

5 

20 


20 


Pipe and tanks . 

2 

50 

Class 2. Located at points as- 


Tanks: 



suring supply of crude for 



Steel, 5,000-55,000 bbl 

20 

5 


10 

10 

Steel, 2,500-5,000 bbl 1 

12 


Class 3. Skimming plants and 

Galv. iron, 500-2,500 bbl ^ 

12 

m 

small refineries of poor con- 



Less than 500 bbl 

8 

12M 

struction, or located at points 



Wood 

■ 5 * 

20 

where supply of crude is not 






assured for long period of 



For movable tanks: 



time 

6 

16?^ 

Galv. iron, 500-2,500 bbl 

9 

IVA 

Marketing equipment: I 



Less than 600 bbl 

6 

16% 


20 

6 

For water tanks: 


Barges 

5 

20 

500-2,500 bbl 

8 

12% 

Filling stations: 




5 

20 



20 

Tools 

3 

33% 

Brick and concrete 

10 

10 

Transportation equipment 

3 

33% 

Distributing stations 

10 i 

10 

Water plants 

10 

10 

Tank wagons: 



Electric equipment 

10 

10 

Motor 

4 

25 

Machine shops 

7 

14% 

Horse 

6 

16% 

Buildings: 


Steel barrels 

7 

14% 

fimpll wood 

10 

10 

Track and switches 

8 

12% 

Frame structure. 

15 

6% 

Natural-gas equipment: 


Corrugated iron siding 

6 

16% 

Gas pipe lines: 



p.yp.f.ft 

25 

4 

Mains 

12 

8% 


25 

4 

Gathering lines 

10 

10 

.. .1.I.TT 



25 

4 

City lines 

10 

10 

Pipe lines: 



Compressor stations 

7 

14% 

IVIains over 6 in. m diam 

20 

4% 

Gathering stations 

6 

16% 

TV/ToiTva n"nd(ar ft in. in difl.TYl . . . 

16 

6% 

Field stations 

4 

25 

xV.L£vXJULO tliJ.ULv5i \J XXi.* XIX \xxajxxx 

Gathering lines (less 10% sal- 

Meters and regulators 

5 

20 

vage) 

10 

10 

Plant, considered as a single 



Pump stati on s,, ..t,.------ 

10 

10 

unit 

10 

20 

Tank cars - • • 

20 

5 




Natural-gas gasolfne plants: 



- 



Compression plant with 20 % 






salvage value 

6-10 

16% 10 




Absorption plant with 20% 






salvage value 

6-10 

16% 10 





* After tJ. S. Internal Kevenne Bureau’s “Manual for the Oil and Gas Industry under the Revenue 
Act of 1918” (with corrections). 


pointed out that such rates vary within wide limits, and that whatever 
rate may be initially adopted, it should be occasionally checked and 
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perhaps altered from time to time to conform with actual apparent 
decrease in service value of the plant units. In the case of some long-lived 
classes of plant, the useful life will be contingent upon the productive 
life of the property. 

Depletion of property may be recorded in a property register, suit- 
ably arranged to display the total original cost of the land, plus the 
cost of drilling the wells and all permanent well equipment (see Fig. 371). 
The ultimate production of the property is determined as soon as the 
decline curves can be worked out, and the depletion charge per barrel of 
oil is computed by dividing the total cost by the total production. This 
unit charge is later applied against each barrel of oil produced. The 
property register records the annual depreciation charges and the value 
of the remaining oil reserves. Natural-gas production must also be 
included if it has commercial value. The depletion rate may be altered 
from time to time as changes in the apparent oil reserves may warrant. 

THE COST RECORDS 

The cost records are closely related to the expense, suspense, dis- 
tributing and operating accounts listed on page 705 and represent in one 
sense a detailed analysis of them. They are made up of carefully selected 
items of expense combined and arranged in such a way as to display, in 
convenient units for comparison, the cost of each step in the process of 
oil and gas production, as well as the detailed cost of operating each 
department. Cost data are prepared primarily for the use of adminis- 
trative officers, engineers and others who are charged with responsibility 
for the efficiency with which the work is conducted and who are required 
to estimate the cost of new work. 

The elements of production cost are three in number: (1) direct 
labor, or labor that is directly employed in production of output; (2) 
direct material; and (3) indirect expense, which is made up of certain 
labor and material charges that cannot be directly allocated against 
output and miscellaneous other expense that does not partake of the 
nature of either labor or material. All cost records may be reduced to 
these elements, but ordinarily it is necessary to give further detail than 
is afforded by so broad a classification. Accordingly, in ^developing a 
cost record, we expand the three primary cost elements into a group 
sufficient in number to display fully the regularly recurring major items 
of expense. 

Cost records may be conveniently kept pn either loose-leaf printed 
forms or on cards arranged in card-catalogue form in a vertical filing 
cabinet. The latter method is generally preferred for the primary 
records kept by the cost keeper, but cost sheets prepared from the origi- 
nals for the use of executives and others are usually reproduc^^ on loose- 



OFFICE METHODS AND RECORDS 


713 


leaf printed forms. A 5- by 8-in. card is suitable for the use of the : ] 

cost keeper. These cards may be had in a variety of colors, and may be 
printed or multigraphed to order with any desired arrangement of ^ 

columns and headings. A suitable filing cabinet, or desk equipped for - 

card filing, is essential. I 

In designing the cost records, the needs of each department must be 
carefully studied to devise a suitable form for the record, to select the 
important items of expense and to determine the most convenient units 
in which to express the results. Each record will necessarily differ from 
every other, but a certain measure of uniformity in size and arrangement 
of data is desirable. The forms reproduced in Fig. 372 are typical. 

The cost keeper must depend upon individual and group reports 
from workmen or foremen in direct contact with the wmrk for the primary 
distribution of labor expense. This information is made available by 
requiring individuals or foremen to prepare daily reports indicating the 
work accomplished during each hour or each 'Hour’^^ (shift). The driller 
in charge of a drilling well, for example, will submit a tour report with ' . 

the names of the various members of his crew, the footage drilled, or other : 

work accomplished, the materials used, etc. If several wells are in 
process of drilling at one time, the “tool pusher” or foreman in charge ^ ^ 

of drilling may be required to prepare a group report indicating the j. i 

number of men employed and the work to which they have been assigned 
for each tour. Work in process in the shops will be handled on an hourly 1 1 

basis, requiring the individual workmen to fill out reports at the end of j : 

each day, specifying the work accomplished and the time spent on each j 

job. The various jobs routed through the shops are given serial numbers 1 

for convenience in reference. Rig building, pipe-line construction, ’ 

grading, road building and other structural work will require special i' 

consideration in devising a series of reports that will give the cost keeper 
such information as he may need to assemble the cost data in the most 
convenient form. 

The storekeeper will be in a position to furnish complete information 
on the cost of materials used in different phases of the work, from the 
requisitions presented when the material is d|^awn from^the warehouse; 
though in som^ instances, further particulars wi\l be needed from the 
foremen in charge of the work. 

Distribution of power expense is often difficult. Methods of attack 
will vary with the kinds of power used and the purpose for which it is 
used. If steam power is employed and several plant units are supplied 
with steam from a central boiler plant, meters placed in the transmission 
mains to each point of consumption will provide records of steam con- 
sumption, on the basis of which the cost of operating the boiler plant 
may be distributed. If electric power is used, wattmeters provide a 



Fig. 372.“— Typical cost-record forms. (The second form is convemeatly kept on the 
reverse side of the card containing the first record.) 
















OFFICE METEODB AND RECORDS 


715 


ready means of recording the service given. If individual gas engines are 
used in pumping the wells, we may distribute the total cost of the gas 
among the several wells by taking occasional meter readings of gas 
consumed by each engine. We may approach the problem from another 
direction by studying the actual performance of the engine or motor 
used. In many cases, an accurate distribution of power expense will be 
impossible, and the cost keeper must depend upon arbitrary assumptions 
of the percentage of total power consumed in each department. 

Similar difficulty is experienced in distributing certain kinds of over- 
head expense. In the shops, for example, there is a considerable element 
of general expense, including siich items as salaries of foremen and general 
helpers, small routine shop supplies, power used in driving shop machinery 
and maintenance and upkeep of shop equipment. Such items may 
reach a high percentage of the total cost of operating the shops and 
must be distributed among the various jobs routed through the shop on 
some equitable basis. Distribution according to the number of direct 
labor-hours spent on each job is a convenient method. 

In certain kinds of work, it is convenient to base charges for work done 
on time exclusively. For example, in trucking equipment and supplies 
about over the property, the average hourly cost of operating the truck, 
including the salary of the driver, gasoline, oil, depreciation and all other 
charges, may be computed, and each job or each department receiving 
service is charged with a flat rate per hour for the time that it uses the 
truck. Distribution of trucking expense may be more properly handled 
on a ton-mile basis where long hauls are involved, though the weight of 
materials transported is not always known. 

Summaries of the cost records prepared for distribution among officials 
of the company should be condensed from the primary records kept by 
the cost keeper at regular intervals, usually monthly. Such records 
are intended to provide a means of comparing the efficiency of operation 
as between different periods. Care should be taken, in presenting the 
data, to select units that are suitable for comparative purposes. For 
example, in reporting the unit cost of oil production, the cost per barrel 
means little because the production of the wells is variable and bears 
little relation to the efficiency of operation. The cost per well per day 
or per month, however, is a unit that does not display such variation 
and is directly dependent upon the efficiency with which the plant is 
operated. Figure 373 illustrates a suitable form for the monthly cost 
sheets. ’ 

Graphic cost records may be used to advantage in supplementing 
tabulated cost figures. Graphic records are more easily interpreted, 
and variations between different cost periods may be contrasted to much 
better advantage than in the ease of ordinary tabulated records. In 
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a chart, one can see the abnormal results at a glance and center the 
analysis upon these, ignoring the normal figures which do not require 
administrative attention. Typical examples illustrating the use of 
graphic methods in displaying cost data are to be found in Figs. 374 and 
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Fig. 373. — Typical form for monthly cost summary. 


375. In Fig. 375, costs are plotted with respect to an assumed normal, 
showing at once the extent to which actual costs vary from the theoretical 
normal. Such a record may be divided off into zones indicating the 
responsibility for investigating the abnormalities of cost. Thus, the 
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Fig, 374. — Graphic cost record showing average cost per well per day of operating a group 

of pumping wells. 

general manager would concern himself with the reasons for an abnormal 
result only when the cost curve extends beyond the superintendent's 
‘^zone,^^ and the latter official would be obliged to investigate only when 
the graph passed beyond the limits of the foreman's ^^zone.” 
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PAYMENT OF LABOR AND DISTRIBUTION OF LABOR EXPENSE 

Labor represents the most important item of expense in oil production, 
and accounting for labor and distributing its cost among the cost records 
is one of the most important aspects of the cost keeper's work. Further- 
more, as an employer of labor, the oil company is obligated, both in its 
own interest and for the protection of its employees, to maintain a care- 
ful record of the service furnished by each employee in order that the 
wages due him can be accurately determined. 

The remuneration of labor may be based upon the time worked, upon 
the amount of work done or upon the value of the oil and gas produced. 
Though illogical and contrary to the principles of efficiency and economy, 



Fig. 375. — Type of graphic record suitabie for displaying variations in the cost of drilling. 
The heavy line indicates the actual cost of drilling a particular well, whereas the “average 
cost of drilling” line shows the average cost for the locality in which the drilled well is 
situated. 

the day-labor system, or payment according to the length of time worked, 
is the most commonly used method. Payment based upon quantity 
of work accomplished is occasionally met with in various piece-rate, 
bonus and contract systems. Direct payment according to the value of 
the product is uncommon in the oil industr;g, though examples are to be 
found in the so-called profit-sharing plans adppted by the larger oil 
companies in which employees are given an annual bonus based upon 
the company's yearly profit, or they are encouraged to buy the company's 
stock or bonds at reduced rates. 

The Time Records 

It is customary to maintain a list of the employees’ names, on which 
the hours or shifts worked by each individual are checked off daily (see 
Fig. 376)., Such a record is generally placed in charge of a “timekeeper,” 
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though in many cases the primary records will be prepared by the fore- 
men of departments. The individual workmen may be simply checked 
off on the time list as the timekeeper or foreman makes his rounds of the 
property and plant and observes them at work, or more elaborate systems 
involving the use of time boards, checks and tickets may be employed. 
If all of the employees pass a certain point in going to and coming from 
work, they may be given individual numbered brass checks that they are 
required to hang on a board fitted with numerous similarly numbered 
hooks. Checks are placed on the board by the employees as they go to 
their work and are removed as they come off shift. By inspection of the 
board, the timekeeper readily posts the daily time book. Under still 
another plan, each workman is given a small book of tickets at the begin- 
ning of the month. The individual tickets in each book are numbered 
alike, and a list is kept of the book number of every workman. The 
workman gives one ticket to his foreman at the close of each day^s work. 


Time Book Pot^e 894 Month of September, 1923 
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Ocojpatkn 
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X 
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X 

/ 
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/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 
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lL 

/ 

/ 
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/ 
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/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 
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/ 

/ 

X 

'/ 

/ 

// 

/ 
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/ 

/ 

/ 

/ 

/ 


za 

30 

za 

30 

S.OO. 

// 
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1 

II 

III 

III 

III 

II 

1 

II 

II 

II 

III 

III 

II 

1 

1 

II 

II 

II 

II 

1 

i 

\fM 

■ 




7ota/s 

1 

II 
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III 

III 

II 

1 

II 

II 

II 

III 

III 

II 

1 

1 

II 

II 

II 

II 

1 

1 
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Fig. 376. — Typical form for time record. 


The foreman indicates on the ticket the work to which the employee has 
been assigned for the day, places all of the tickets for his crew in an 
envelope, which is sealed and sent to the timekeeper. Such a method 
provides a primary record from which both the time records and the 
labor-segregation records may be posted. 

Periodically — ^usually once each month— the timekeeper prepares a 
summary of the time record, indicating the total number of days or hours 
worked by each employee ^during the interval covered by the report and 
the total amounts due.^ This is for the use of the paymaster in preparing 
the payroll. The timekeeper may also be required to prepare a “labor- 
segregation record^' (see Fig. 377), indicating the total number of hours 
worked by each class of labor and the equivalent dollar value. This 
record may also show the distribution of labor by classes among the 
several departments and jobs in process. Such a record provides the 
basis for labor entries on the cost records and is the basis for journal 
and ledger entries covering labor distribution over the various accounts 
concerned. 
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In preparation for “payday,” the paymaster enters on the payroll 
see Eig. 378) the name and number of each employee, his classification 


Datfy labor Se^re^ahhn Report September Z3, /9Z3. 

Wei f DriHwp^ anS Operat/or S/rect labor Charpes 

Occi/pat/ons 

tVape 

Rate 

N? 

Enpii^ 

Totai 

4/rtOue 

We/i 

D9 

Pist/iA 

CA?a/i 




vAed 

70 

ll' 

1 


'll 


f 

Tboi Foeb&rs 

/o 

oo 

3. 

JO 


A 

Z 

Z8 

iH 

■ 





Pr/i/ers 

& 

7S 

9 

78 

B 

Z. 

z 

Z8 

Ey 






Derrick Me/? 

e 

7S 

9. 

SO 

7S\ 

3 

z 

Z8 
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Dri tiers* tieipere 

s 

ZS 

Z7. 

MJ 

7S 

4. 

AS 

7Z 

IQ 

■ 
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d 

7S 

/. 

8 

7S 

S 

Z 

Z8 

HR 
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DipSei/ders 

B 

7S 

Z, 

JS 

SO. 

s. 

7 

64 

zo 



4 



Rip Buiiders Deipers 

B 

7S 

Z. 

iJ 

SO 

7 

Z 

za 

Z4 






Weii D/tiers DempDosj 

6 

7S 

Z. 

AS 

SO 

S 

z 

Z8 

Z4 






Weii F<//krs^C/ea/?er;$^ 

5 

ZS 

4, 

Zi 


9. 

z 

09 

zz 
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Srfp/neers 

5 

SO 

6. 

33 

^9 
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4 

77 

ZO 

% 
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B 

OO 

6. 

Jo 

00 

//- 

z 

Z8 

Z4 
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F 

ZS 

1 

S 

ZS 

AZ 

4 

77 

20 

Z 


Z 
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6 

ZS 

A 

6 

ZS 

AS. 

Z 

A8 

Z3 

/ 





Fhpire tr^p. Deipers 

S 

ZS 

/ 

S 

ZS 

H 

z 

Z8 
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Rumpe/s 

S 

oo 

9 

4S 

00 

A 


Z8 

Z4 
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3 

oo 

3 

JS 

00 

AS 

AS 

34 

AZ 

4 
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Z 
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At 

z 

Z8 

Z4 
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3 
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8 
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iS 
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ZS 
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a 
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Z4 

Z4 

am 
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II 
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m 
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IB 

IB 

IB 
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! Fig. 377. — Typical labor-segregation record. Other pages, arranged in slightly different 

I form, display segregation of labor charges for other departments. 
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u 
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ZS 
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Z9 
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Fig. 378. — Typical form for payroll. 


and daily rate and the amount due, as^ indicated by the time-record 
summary.* Certain deductions may then be made for board, lodgings, 
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rentals, hospital and other fees and the net amount to be paid each 
individual determined. Checks are then written, and when delivered 
to the employees, they are required to sign the payroll as evidence of 
payment. Ordinarily, two copies of the payroll are prepared, one for 
the field-office record, and the other to be sent to the head office of the 
company as a voucher record of payments made. Payment of wages is 
sometimes made in cash, but this is undesirable if it can be avoided 
because of the likelihood of error in making payment and the risk of rob- 
bery and theft. 

PURCHASE AND DISTRIBUTION OF SUPPLIES 

After labor, equipment and supplies constitute the largest single 
item of expense in oil production. Routine of purchasing, receiving 
and distributing of supplies is therefore worthy of careful study. Respon- 
sibility for the placing of orders for supplies, for transportation from the 
market to the company’s warehouse and specifications covering quality 
and terms of purchase are usually entrusted to a purchasing agent.” 
Care and distribution of supplies after they reach the property are dele- 
gated to the ^‘storekeeper.” 

Two systems of buying are in common use: (1) buying on bids, and 
(2) buying on contract. The latter method is suitable only for use in 
purchasing commodities regularly used in considerable amounts. In 
the first of these two methods, the purchasing agent sends requests for 
prices, or “bids,” to several merchants or supply dealers, specifying in 
detail the material he wishes to buy. When the bids are received and 
compared, the order is placed with the lowest bidder or, in general, with 
the firm most acceptable to the buyer. This method of buying is pre- 
ferred by most purchasing agents but requires time for the necessary 
correspondence. In placing a purchasing contract under the second 
method, the buyer agrees to purchase, from the concern with which the 
contract is placed, all of the material of a certain kind that may be 
needed over a specified time, often a year or more. Certain minimum 
quantities that the buyer agrees to purchase within the period are often 
designated. As an inducement for such a contract, the merchant is 
usually justified in offering a price somewhat below the prevt^iling market 
price. Often, too, it may be possible to place a long-period contract at a 
favorable time in anticipation of a rise in commodity prices. In addi- 
tion to the two methods of buying described above, when there is insuffi- 
cient time for proper negotiations between buyer and seller, emergency 
buying is sometimes necessary. Emergency buying generally results in 
the buyer paying a higher price. 

The purchasing agent undertakes the purchase of equipment and 
supplies on receipt of a “purchase requisition” signed by the storekeeper, 
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a department superintendent or other authorized official of the company 
(see Fig. 379). Each purchase requisition is given a serial number, 
which is placed on all subsequent correspondence and invoices relating 


Purchase Pequisifion N? 789 






Purchasing /Igent, Michraie Oil Ck)., 

San Frarjcisco, Ca/y 

Pet/rstia,Cai., Sept. /6, 1923. 

1 Dear Sir:- 







1 


Piease order the ihihyying supplies: 





Date 

Quantity 

Description 

Needed for 

Rids dsiced | 

Ordered 1 

mmtect 

Date 

Price 

ReqN9 

Date 

|| 

Oct 


/case 

Mazda lamps, 40‘ivafL,. 

Elect. It. itcct 

9-/823 

2864 

WzZ'ZS 

976. 

ri 

/ 

6 

Axe/son cFoH meUpu/np linens 

OH Froduct.de. 


2S6S 

\9-Z3-Z5 

982- 

Non 

15 

3pooF/. 

/o‘'-40^P.S.X. casing 

mu No. S2 


2866 

\/0-€-Z3 

/067 


" 

/poo-ff 

2 Standard pipe, gaM 

/yaterSup. dc. 

ff 

ff 

1 '' 

/t 


I i; 1 ij , _ _ : ""U m _j 

j^pproned: 


Signed: 





1 


Field Superintendent 



Store Keeper. 


Fig. 379. — Typical form for purchase requisition. 

thereto. Requests for bids are then sent out (see Fig. 380). After 
the bids are received and compared, the purchase order is sent to the 
successful bidder (see Fig. 381). The purchasing agent should maintain 


Pr/ce Request 
N9Z874. 


Midvcr/e 0/7 Co. 
104Z Merchants £xchcrnqe 


The hbrc/f/c /Apparatus ar/at Suppty Co.^ 
Los Mr/peles, 

Genttemen : 


San Francisco, Cd/., Sept 20, 192 J, 


fd/tt you please quote us your current prices on the fbUoyrin^ arfictes;- 


Date 

Wanted 

Quantity 

Description 

list 

Price 

Discount 

Net 

Price 

Oct 

/£ 

2-Doz. 

Centrifuge Tubes, /OOcc,cap.,{Na 2894-c.J.... 

46 

00 

70 % 

43 

zo 



/-Doz. 

Thermo-hydrometers, J9-3/°3.,d.FI.{No.8765-dj 

42 

00 

70 % 

37 

80 

M, 

n 

/ 

Rorrison Oil Thief (N9 796-ffJ^ J? - 

zs 

00 

iS % 

Zl 

25 


4 

S-^ais 

Bisuiphoi/ne ?»- 

Z 

2S 

Net 

z 

7S 


Please use this form for your reply, 

Tern,s: Z°4cc.sK SO-days 

FO.B. Los Anpe/es. 


Purchasing Ape/rt. 


Fig. 380. — Typical price-request form. 

a file of catalogues descriptive of the materials and equipment in which he 
deals and should keep posted on current prices so that he can prepare 
estimates pf equipment and supply costs when requested to do so. He 
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must be thoroughly familiar with the character and quantity of supplies 
used by his company and is often empowered to anticipate future needs 
in the placing of long-term contracts at favorable rates. He must exercise 
good judgment in these matters, and by his business acumen should com- 
mand the respect of the concerns and individuals with whom he has to 
deal. 

In addition to the duty of buying, the purchasing agent is charged 
with the responsibility of checking all supply and equipment invoices and 
certifying them for payment. As invoices are received, they are com- 


Midyot/e on Co, 

/04Z Merchants Exchctn^e B/d^. 


Purchase Order 
N9 mz 

San Franc/scOfCdL, Sepf. Z8, t9Z3. 

The Pacific Apparafus and Supp/p Co., 
los AnpfeJes, Cdi 
Gentlemen :• 

You are hereby authorized to furnish the materia/ t/sted betoiY 
as quoted on our price request N9ZS74, 


Tope ^ 
shipped 
onpr 
before 


Waanfify\ 


Pescription 


j^qreed 

^net 

pnce. 


Oct. /s 


z-Ooz. 

i-Doz, 

/ 

\S’pa/s. 


Centrifupe Tubes, /oocc. capy(//? Z894-Cj>.^. 
Thermo-‘hydrometerS, i9'3pB., j4.fI.(tP 376S'd). 

Porrison Oil Thief (N9 796''JBJ. 

BisuJpho/ine i 


43 

37 

Zl 

Z 


P/ease acknom ledge receipt of this order and send duplicate invoices. 

Very truly Yours, 

Midra/e Oil Co,, 

by , 

Purchasing 4 gent. 


Ship to: Midvale Oil Co,, Taft, Cal, 
ria Southern fbtc. anct Sunset 

Place our order number on 
all invoices and packages. 


Fig. 381. — Typical form for purchase order. 


pared with the original bid or contract and with the purchase order, and 
the price per unit, extensions and terms of payment are carefully checked. 

Usually a discount is offered for payment within a specified time. 
Often 2 per cent discount is offered if payment is made within 30 days, 
though sometimes the periqd is as short as 10 days and occasionally it 
may be as long as 60 or 9Q days. Even 2 per cent of the aggregate amount 
expended by the average oil company for supplies and equipment is a 
considerable sum, and every effort is made to hasten the checking and 
certifying of invoices in order that payment may be promptly made and 
the discount secured. 

Invoices are usually submitted in duplicate, one copy being pasted in 
an invoice record book kept by the purchasing agent, the other being 
sent by the purchasing agent to the accountant who makes the necessary 
ledger entries and prepares a voucher which is sent to the treasurer of 
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the company, authorizing payment. After the goods have been received 
and an independent count and inspection and report have been made by 
the storekeeper, the duplicate copy of the invoice may be sent by the 
accountant to the storekeeper for his advice in posting prices on the 
stores record cards. 


Marfena/5 Escelved Report N9/56/ Farchase Order N?mz. 

Name Apparatus and Snpp/p CP. 

Qucrrjfity 

Descripflon 

Invoice 

Cost 

II 

Totcrl 

Cast 

Cost per 
Unit 

hPoz. 

/ 

S‘pcr/s. 

Coi 

Tbt 

For 

^trlfvge Tubes, /oocc,C€rp.,{No.ZS94'‘C) 
rmo’hydrvmeters, /$-3/%/4Fiy/FJ7SSy4) 
risor? Oil Thief fN9 796-B) 

'alphollne 

43,2c0 

3T80 

Zt.ZS 

Z.7S 

C .70 

0.3d 

0.60 

1.60 

43.90 

3S./S 

ZJ.85 

4,3S 

J.SS 

3./S 

z/.ss 

0.87 



-I...;- _ ■ ' 




Debit Accomt 
N9 

Amour?! 

ledgerFobb 

Goods Received b/.* ^ 

Store Keeper. 


Fig. 382. — Typical form for materials received report. 


When the goods are received, the storekeeper sends a materials 
received report (see Fig. 382) to the purchasing agent, certifying to the 
number of units received and the quality and general condition of the 
consignment. It is desirable that the storekeeper should not have a 
copy of the invoice or purchase order before him when this checking of 
the goods is in progress, then he is compelled to count and inspect the 
material in order to fill out the material received report. The stores 
record cards (see Fig. 383) are posted as soon as the new consignment of 




Jcrnaary /, 3^ 


Date 

Mafefh 

Redd. 

Rept.N? 

i/nlts 

Redd. 

Invoice 

Cost. 

Transp 

Cost 

Store 

Rouse 

Expense 

Total 

Cost 

\ Balance , 
on Hand 

Areraye 

cost 

peru/t/t 

Charged Out 

Req./t? 

Units 

yafue 

Units 

Cost 

Z'hZS 

Z-/6-23 

Z-30'Z3 

Z37 

z4 

9 

Z .88 

0.42 

Brot. 

0.t3 

Fwd. 

3 . 0 / 

S 

Z9 

Z/ 

0.S9 

3.0/ 

£az 

0.//8 

0./Z4 

0./Z4 

84Z 

8 

0.99 

■ — — 

SS1S®S5SS 

S=5=SS= 

1 — "T r r-~ 




-r 1 


Balartce Carried fbrrvard 







Fig. 383. — Typical form for stores record card. 


material is received, though the price columns may not be filled in until 
later. 

Material can be drawn from the warehouse only on requisitions signed 
by authorized individuals (see Fig. 384). When supplies are issued, the 
“materials’ charged out” column of the stores record cards is posted. 
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Balances struck whenever goods are received or charged out on the stores 
record cards provide a permanent inventory of both the value and 
quantity of the supplies on hand. 

The storekeeper is held responsible for the maintenance of a sufficient 
reserve of supplies regularly maintained in stock in the warehouse. It is 
customary to determine a stock minimum for each article, below which 
the quantity on hand is never permitted to go. The minimum varies 
with the extent of demand for the article and with the time necessary for 
a new consignment to arrive after an order for it is placed. Small bin 
tickets may be hung on hooks beside the bins in which stock is stored in 
the warehouse. These are printed with columns in which entries may 
be made of materials placed in the bins or withdrawn therefrom and of 
balances on hand. When, on supplying goods specified on a requisition, 
it is found that a minimum for the article has been reached, the stock 


Stores /^eqoJsJf ion N°S46 ^pril /6. /9Z3. 

Purpose: ^ _ /Account Peip/fecf: ^ ^ - - 

Pucrntity 

Pescr/pHon 

Price 































Total Charge 

" 


PeltVered by: 

deceive cf by: 

Approyeet: 



Department Foreman 


Fig. 384. — Typical form for supply requisition. 


clerk removes the bin ticket and hangs an ^^on order” bin ticket of 
special color in its place. The storekeeper at once sends a purchase 
requisition to the purchasing agent for a new consignment. 

Periodically the storekeeper is required to prepare a summary of 
stores issued report indicating the cost value of all supplies and equip- 
ment charged to each department during the interval covered by the 
report. This report is ms^e up from the requisitions presented, and 
goes first to the accountant, who makes the necessary ledger entries, and 
then to the cost keeper for his information in computing departmental 
costs. 

In order that the storekeeper may be in a position to assign definite 
values to the materials withdrawn from the warehouse, he must maintain 
a suitable price record, indicating at any time the average cost per unit 
for each article carried in stock. This is continually changing as new 
consignments are received, depending upon variation in market prices. 
The current price for each article carried in stock may be shown either 
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on the stock record card (as indicated in Fig. 383), or it may be kept in 
a special price book, in which the supply items are arranged alpha- 
betically. The charges made to departments drawing supplies from the 
warehouse must not only include the invoice cost, but also the cost of 
transportation to the property, and a prorated charge covering the cost 
of operating the warehouse. This latter item includes such items as the 
salaries of the storekeeper and warehouse attendants, insurance on the 
warehouse and stock and breakage losses and depreciation of stores. 

In connection with storekeeping and purchasing, quality tests on 
materials purchased are occasionally necessary to determine whether or 
not they conform with the purchase specifications. This work may be 
done in the laboratory, or it may be conducted by actual field tests of 
the materials while in use. Some of the larger companies have testing 
departments, employing engineers whose duty it is to make tests of 
materials purchased and prepare specifications therefor. Such work 
results in the development of a group of standard articles or materials 
of particular quality that have been proved best adapted to the service 
imposed and are always specified by the purchasing agent when a new 
consignment is ordered. 


PRODUCTION RECORDS 

In accounting for the production of the property as a whole and for 
individual wells, it is necessary to maintain a systematic record of daily 
production based on actual measurement of the quantities of oil and gas 
produced. Oil production is determined by gaging in cylindrical tanks 
(see page 535), whereas gas production is measured by the use of various 
types of meters. The results are reported daily by the gagers on pro- 
duction records, which will vary in form and arrangement with the 
practice at each individual property. On some properties, there will 
be facilities for gaging accurately the production of each individual 
well, but on many leases where individual well tanks are not provided, 
or where there is no means of temporarily segregating the production 
from individual wells, the daily production record will show but little 
more than the over-all production for the lease as a whole. 

There muht also be reported on the produ'stion record the A.P.I. 
gravity and percentage of water and suspended solids in the gaged fluid, 
data necessary in computing the “net oil” and its value (see Fig. 385). 
The production of water from each well is often separately recorded in 
order to disclose any unusual increase in water content, which may be 
indicative of a condition requiring repair operations. A separate water 
record for each well is required by law in some states, notably in California. 

The primary production record, taken as near the source as may be 
consistent^with the facilities for gaging, is supplemented by the record 
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of oil run from storage into the purchaser’s pipe line or other transporta- 
tion facilities. At this point the oil is accurately gaged, and the ^'run 
tickets” issued by the gager representing the purchaser furnish an 
excellent check on the primary records, after due allowance has been made 
for oil used on the lease and for evaporation and other losses in gathering, 
dehydrating and storing. An intermediate check is afforded if the oil is 
also gaged as it flows into the main storage tanks, assuming that it has 
been previously gaged in small tanks near the wells. 

Recording the production of gas is somewhat simpler than recording oil 
production, since there is no quality variable to consider. If the volume 
of production warrants, there may be a meter placed on the gas lead line 
from each well to furnish the individual well record, whereas a master 
meter provides the gross production for the property as a whole, at some 
point in the gathering system, before delivery is made to the purchaser’s 


Daily kVeli Procfuci/on Record 

mu N? J6. Month of SepfempenBZ^. 


Date 

Gross 

fli/icf, 

Barrets 

Cl/A 

% 

y/ater 

Content 

Barrels 

Clean 

Oil, 

Barrels 

ProducincfT/me 

Explanat/on of 
XcUeT/me 

Urs. 

Min. 

%0f 

Tota/ 

Sept. 

/ 

HZ 

8. 

a 

lOX 

Z3 

JO 

97S 

Enpfine frat/Sle 


Z 

tzo 

6. 

7. 

1/3. 

Z4 

o 

too.o 



s 

H6. 

to. 

tz. 

104. 

ZS 

0 

9S.8 

Engine t/vohle 




7. 


SO. 

14 

40 

Ct.t 

Phrteol rods. 


s 

tw. 

6. 

7. 

103. 

zz 

20 

93.1 

Ft/ll shraps tank. 







— 1 — 



Totals 

Z9dO. 


ZOG 

Z734 

Sren/pe 

9t.S. 



Eig. 385. — Typical form for daily well-production record. 


pipe line. Gas production is expressed in equivalent cubic feet or thou- 
sands of cubic feet at atmospheric pressure or at a “base pressure” a few 
ounces above atmospheric pressure. A record of actual flow pressures is 
convenient for many purposes, however, and is often provided by a 
regular series of pressure-gage readings incorporated as a part of the 
production record. 

Graphic production reqprds are often prepared from the tabulated 
production data better |o display the variations in production in different 
periods. Individual well and property decline curves, in which produc- 
tion is plotted against time, are widely used in estimating future produc- 
tivity and in oil-property appraisals. 

The production summary is compiled from daily reports submitted 
by the gager, and is tabulated in such a way that totals may be readily 
determined monthly (see Fig. 386). The marketed productions in 
barrels of oil and cubic feet of gas, multiplied by the unit selling prices, 
determine the monthly credit entries to be made under the salq^ accounts. 
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Oil in storage is maintained under the production account at its cost value 
only, for if the marketing is deferred, its selling price will be uncertain. 

ABMimSTRATIVE REPORTS 

In order that responsible officials and directors of the company may 
be informed on all aspects of the business, periodical reports must be 
prepared descriptive of the work of every department, together with a 
statement of the results secured. At regular intervals — ^usually annually 
— ^these reports must be reviewed and condensed for submission to the 
stockholders of the company, and for market reports that are given 
publicity in the financial and technical press. 



Fig. 386. — Typical form for monthly production summary. 


To be effective, the system of administrative reports should reach 
down into every nook and corner of the organization. Every individual 
should be responsible to someone directly over him in authority for a 
periodical report on work accomplished and the results thereof. Drillers 
prepare tour reports for their foreman; the latter, in turn, combines these 
with a report to the superintendent of development. The various 
superintendents report to the general superintendent or general manager, 
and the latter, in turn, reports to the president of the company. The 
president reports to the board of directors, and the board to the stock- 
holders. Every department must be represented in the report system, 
but the development and production reports will naturally be of greatest 
importance. Table XXXVII gives a list of reports covering every phase 

of the work df an ordinary oil-producing company. 
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Table XXXVIL— List of Administkativb Repoets and Recoeds pok an 
O iL-PBODUciNG Company 


No. 

Report or record 

Frequency 

By whom prepared 

To whom sent 

1 

Driller’s Tour Report 

Tour 

Every driller 

Development foreman 

2 

Well Puller’s Report 

Tour 

Each well-pulling gang 
boss 

Production foreman 

3 

Weil Pumper’s Report 

Tour 

Every pumper 

Production foreman 

' 4' 

Roustabout’s Daily Report 

Tour 

Each roustabout gang 
boss 

Production foreman 

5 

Daily Power-plant Report 

Tour 

Each power-plant 
engineer 

Production foreman 

6 

Daily Deliydrating-plant Report 

Daily 

Dehydra ting-plant 
foreman 

Foreman of transport 
and storage 

7 

Truck Driver’s Daily Report. . . 

Daily 

Each truck driver 

Foreman of transport 
and storage and cost 
keeper 

8 

Shop Employee’s Daily Report. . 

Daily 

Bach shop employee 

Shop foreman 

9 

Daily Report of Wells I^rilling. . 

Daily 

Development foreman 

Field superintendent 
and auditor 

10 

Daily Report of Operating Wells. 

Daily 

Production foreman 

Field superintendent 
and auditor 

11 

Daily Shop Report 

Daily 

Shop foreman 

Field superintendent 
and auditor 

12 

Bi-weekly Power Report 

Twice a month 

1 

Shop foreman 

Field superintendent 
and auditor 

13 

Bi-weekly Construction and 
Repair Report 

Twice a month | 

i 

Production foreman 

Field superintendent 
and auditor 

14 

Bi-weekly Drilling Report 

Twice a month 

Development foreman 

Field superintendent 
and auditor 

15 

Bi-weekly Shop Report 

Twice a month 

Shop foreman 

Field superintendent 
and auditor 

16 

Bi-weekly Engineering Depart- 
ment Report 

Twice a month 

Resident Engineer 

Field superintendent, 
auditor and chief 
engineer 

17 

Daily Oil- and Gas-production 
Report 

Daily 

Gager 

Foreman of transpor- 
tation and storage, 
field superintendent 
and auditor 

18 

Run Ticket 

Any time 

Purchaser’s gager 

Production foreman, 
field superintendent 
and auditor 

19 

Monthly Production Summary. . 

Monthly 

Auditor 

Production foreman, 
field superintendent 
and manager of pro- 
duction 

20 

Time Record T. . 

Daily 

Department foreman 

Time keeper 

21 

Labor Segregation Repeat 

Daily 

Time keeper 

Cost keeper 

22 

Labor Distribution Report 

Monthly 

Time keeper 

Field superintendent 
and department fore- 
men 

23 

Distribution of Trucking Charges 

s Monthly 

Cost keeper 

Field superintendent 
and department fore- 
men 

24 

Cost of Work Reports 

Daily 

Cost keeper 

Field superintendent 
and department fore- 
men 

25 

Departmental Cost Records. . . . 

, Monthly 

Cost keeper 

Field superintendent 
and department fore- 
men 

m ■ . ■ 
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Table XXXVII. — ^List of Abministeativb Reports and Records for an 
Oil-producing Company. — {Continued) 


No. 

Report or record 

Frequency 

By whom prepared 

To whom sent 

26 

Payroll 

Monthly 

Paymaster 

Auditor and treasurer 

27 

Payroll Summary 

Monthly 

Paymaster 

Field superintendent, 
auditor and treas- 
urer 

28 

Pay Checks 

Monthly 

Paymaster 

Employees 

29 

Purchase Requisitions 

Any time 

Storekeeper 

Purchasing agent 

30 

Price Requests 

Any time 

Purchasing agent 

Outside merchants 

31 

Purchase Orders 

Any time 

Purchasing agent 

Outside merchants 

32 

Stores Received Report 

Any time 

Storekeeper 

Purchasing agent 

33 

Stores Requisitions 

Any time 

Department foremen 

Storekeeper 

34 

Stores Issued Report 

Daily 

Storekeeper 

Cost keeper 

36 

Stores Issued Summary 

Monthly 

Storekeeper 

Field superintendent, 
department foremen 
and auditor 

36 

Stores Inventory 

Quarterly 

Storekeeper 

Auditor, field superim 
tendent and treasurer 

37 

Invoices and Bills 

Any time 

Outside merchants 

Purchasing agent, field 
superintendent, audi- 
tor and treasurer 

38 

Vouchers 

Any time 

xAuditor 

Field superintendent 
and treasurer 

39 

Memorandum of Expenditures. . 

Twice a month 

Auditor 

Field superintendent, 
manager of develop- 
ment and production, 
and treasurer 

40 

Journal Entries to Balance 
Ledger Accounts 

Monthly 

Auditor 

Secretary 

Secretary auditor 

41 

Employment Ticket 

Any time 

Department foremen 

Timekeeper 

42 

Discharge Ticket 

Any time 

Department foremen 

Timekeeper 

43 

Personnel Reports 

Monthly 

Department foremen 

Personnel officer 

44 

Work Orders 

Any time 

Any department fore- 
man 

Through field superin- 
tendent to any other 
department foreman 

46 

Monthly Progress Report 

Monthly 

Field superintendent 

Manager of develop- 
ment and production, 
and president 

46 

Quarterly Progress Report 

Quarterly 

Manager of develop- 
meht and production 

President and board of 
directors 

47 

Quarterly Financial Statement . . 

Quarterly 

Treasurer 

President and board of 
dirGCtoTs 

48 

Annual Report 

Annually 

President, treasurer 
secretary, manager 
of development and 
production, chief en- 
gineer, field -Buper- 
intendent and audi- 
tor 

Board of directors and 
stockholders 


The Annual Report 

Important among the list of administrative reports will be the annual 
report prepared for submission to the stockholders and general public. 
There is no uniformity to be observed in the form and substance of annual 
reports issued by various oil companies, but if we consider that their 


730 


OIL FIELD EXPLOITATION 


primary purpose is to supply the stockholder with such information as he 
may need to evaluate his stock, to gage the financial progress of the com- 
pany and to estimate its future dividend-earning capacity, it would 
appear that the report should contain the following features: 

1. A title page, giving the name of the company, its principal place 
of business, the location of its properties, its capitalization and the number 
of shares outstanding, the date of the report and the names of the prin- 
cipal officers and directors. 

2. A report by the president of the company, prepared as an intro- 
duction to the main body of the report, reviewing in a broad way the 
principal results of the previous yearns work, with Ms interpretation of 
the financial outlook and the general condition of the company’s affairs. 

3. A balance sheet, in which the company’s assets are compared with 
its liabilities, in the customary technical form. The balance sheet should 
be supplemented by a profit and loss statement and an appropriation 
statement (see pages^731 and 732). 

4. A report should be included by the general manager or superinten- 
dent in immediate charge of the company’s properties. This report 
should be a technical report, dealing with the results of development and 
operation of the property, vdth conditions which have influenced the 
work of the year and with proposals for the conduct of operations during 
the immediate future, involving, perhaps, a discussion of new develop- 
ment work, additions to plant or changes in processes and methods. 
This report should be supplemented by a statistical summary of produc- 
tion obtained from the property during the year, together with maps 
showing the location of the company’s properties and wells. 

5. A report by the auditor gives cost statistics, together with data 
on the distribution of labor, supplies and general expense. The com- 
pany’s policy with respect to depreciation and depletion accounting 
should be fully explained, and the wasting assets should be periodically 
evaluated. 

6. The annual report should also contain a statement by a licensed 

public accountant certifying to the accuracy and integrity of the financial 
data, more particularly,*^ the accounts represented on the company’s 
balance sheet. r. ^ 

Such an annual report would give the stockholder all information 
that he would need to keep fully informed on the financial condition of 
the company and the physical condition of its property. From it, he 
could compute, or at any rate closely estimate, the value of his pro- 
prietorship interest. Successive annual reports provide the only his- 
torical record of the company and its affairs, and their issuance has 
become an established custom in the financial world. 
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Mibvalb Oil Company — Balance Sheet, Janxtaky 1, 1938 


Capital and Liabilities 


Capital Liabilities: 

Authorized capital stock, 1,000,000 shares at 


$10 each.... $10,000,000.00 

Less unsubscribed and unappropriated stock, 

250,000 shares valued at 2 , 500 , 000 . 00 

Value of capital stock outstanding 

Ten year, 7 % debentures (1936 issue) 

Current Liabilities: 

Accounts payable $ 29,874.18 

Loans and notes payable 6,816.36 

Accrued debenture interest 35 , QOO . 00 


Reserve Liabilities: 

Surplus (see appropriation statement below) $ 2,868,154.16 

Depreciation reserve 432 , 643 . 76 

Depletion reserve 948 , 230 . 89 

Income-tax reserve 342 , 791 . 22 

Debenture sinking-fund reserve 89,016.26 


7.500.000. 00 

1 . 000 . 000.00 


71,690.54 


4,680,836.29 

$13,252,526.83 


Property and Assets 


Fixed Assets: 


Property, Plant and Equipment Assets: 

Lands and leases $ 3 , 155 ,212.23 

Wells drdled 2,027,416.58 

Physical plant and equipment 1 , 496 ,112.07 

$ 6,678,740.88 

Inventory Assets: 

Supplies on hand and in transit $ 329,263.87 

Oil in storage 227 ,196.32 

556,460.19 

Current Assets: 


Investments in securities $ 5 , 081 , 710 . 57 

Accounts and notes receivable 32 , 093 . 82 

Rebate claims in adjustment ■» 176.05 

American National Bank, San Francisco (cash) ^^16,492.54 

First National Bank, Petrolia (cash).. 57,116.62 

Revolving funds 20,000.00 


6,007,589.60 


Deferred Assets: 

Prepaid insurance S 9,417.89 

Other accounts paid in advance 318.27 


9,736. If 


732 


OIL FIELD EXPLOITATION 


Summary op Income and Expense, Year Ending Jan. 1, 1938 


Operating Revenue: 

Oil sales $ 5,294,316.22 

Gas sales 786,111.03 

Interest and dividends on investments 230,562.12 

Income from rentals 8 , 660 . 00 

Miscellaneous other income 17,658.74 


Operating Expenses: 

Labor. 

Supplies and equipment 

Power 

Miscellaneous other expense 

Net operating profit 


$ 6,337,308.11 

$ 1,992,016.60 
635,699.19 
64,228.84 
628,442.21 

3,320,386.84 
S 3,016,921.27 


Appropriation Statement, Year Ending Jan. 1, 1938 
Surplus from Jan. 1, 1937, appropriation state- 


ment I 1,963,425.16 

Net operating profit for year 1937 3,016,921.27 

S 4,980,346.43 

Less: 


Interest paid on debentures and notes $ 70 , 000 . 00 

Reserve for debenture sinking fund 89,016.26 

Reserve for depreciation of plant 147,279.84 

Reserve for depletion of property and wells 319,278.84 

Reserve for income tax 286 ,617.33 

Dividends paid 1,200,000.00 


Surplus carried to balance sheet 


2,112,192.27 
$ 2,868,154.16 


Quarterly Reports 

Dividends are usually distributed quarterly, and in order that the 
directorate of the company may be fully informed on the company's 
business affairs at such times, it is customary to prepare a quarterly 
technical and financial statement. The administrative reports prepared 
for this purpose are less fomal, and are not ordinarily given publicity, 
though some companies^permit brief summaries of them to^ appear in the 
technical and financial press. 

Cost records, accounts and administrative reports gage the progress 
of the enterprise and constitute the charts that point the way to future 
success. They are the common ground between the engineer and the 
financier, wherein the engineer may demonstrate to the man of business 
the worthiness of what he has created, wherein he may prove his right 
to leadership in industry, 
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Absolute viscosity of oils, 643 
conversion formulas, 643 
definition of, 643 
determination of, 643 

Absorption test for determining gasoline content 
of natural gas, 576 

Accounting and cost-keeping departments, 692 
Accounts, system of, for an oil-producing com- 
pany, 704 

Accumulations, detrital, method of removing from 
oil strings, 356 

well, methods of removal and of minimizing 
formation, 347 

Acid treatment of wells, 376-379 
Acre-yields of petroleum, 64 
Adhesive retention of petroleum in reservoir 
rocks, 43 

Adiabatic expansion of gas, formula for work 
done by, 116 

Administrative reports, 727 
Agitation of fluids in wells to promote flow, 110 
Air, compressed, use of in cleaning-out wells, 358 
or natural gas, choice of, in operation of the 
gas lift, 165 

versus natural gas for injection purposes in 
gas driving, 438 

Air-balanced well-pumping units, 312 
Aluminum foil, use of, in protecting steel storage 
tanks against corrosion, 631 
Amerada depth-pressure recording apparatus, 
148, 149 

American Petroleum Institute, code for deter- 
mining permeability of porous media, 8 
code for measuring, sampling and testing crude 
ofl, 536, 549, 652, 653, 661, 566, 577 
specifications for steel tanks, 596 
standard plain-end pipe, sizes and weights of, 
654 

material used in manufacture of, 656 
standard sizes fog oil-well pumps, 223 
for plungers, 225 
for sucker-rod joints, 243, 244 
for tubing, 236, 237, 239 
for working barrels, 223 
standard tanks, dimensions and capacities of 
bolted tanks, 683 
of riveted steel tanks, 586 
of welded tanks, 584 
A.P.I. gravity of petroleum, 652 
Amortization, short period of, in redeeming 
capital invested in gas-lift equipment, 173 
Anchor sand-dump valves, 270 


Anchorages, sea, for oil pipe lines, 662 
Anchors, gas, 241, 242 
tubing, 240 

Annual reports, oil-company, 729 
Annular-ring type of flow in flowing wells, 95 
Annular space, flow through in gas lifting, 191 
Appraisal curves, 79, 81 
Appropriation statements, oil company, 732 
Assister, Mead, for preventing sand from settling 
in tubing, 272 

Automatic bailer for oil recovery, 217 
Automatic sampling devices, oil, 548 
Auxiliary plants and departments, 686 
% 

B 

Back filling. In pipe-laying, 661 
Back pressure, control of, in flowing'w'ells. 111 
on productive formation, effect of in operation 
of gas lift, 162 

on wells, use of gas lift in regulating, 169 
on wells, use of, in water flooding^ 459 
Back-side-crank pumping, 322, 323 
Bailers, automatic, for oil recovery, 217 
types used in lifting oil from wells, 216' 

Bailing method of lifting oil from wells, 215 
Baku region, Russia, famous gushers of, 106 
Balance for determining gas density, 574, 575 
Balance sheets, oil company, 731 
Balancing load on the power in multiple pumping, 
335 

Balancing rod loads in beam pumping, 296 
Balloons, use of, in reducing breathing losses from 
stored oil, 629 

Ball-type valves for plunger pumps, 226 
Band-wheel drives for well pumping, 293 
Band-wheel powers for multiple pumping, 282, 
317-321 

Band-wheel type of counterbalance for pumping 
rig, 299 

Barrel, U.S., volume of, 53 
Bassler oil%ieter, 541, 642 
Baum6 gravity oil, 552 
Beam connections for plunger pumping, 247 
Beam hangers for plunger pumping, 248 
Beans, bottom hole, 128 
surface, types of, 127 
Beardmore stage gas lift, 209 
Belt drives for well pumping, 293, 296 
Benzol, use of, as a diluent in centrifuge test, 
561 

as a solvent in/removing wax accumulations 
from wells, 364 
Bibliography, selected, on: 

acidizing and formation of well cavities, 412 
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Bibliography, auxiliary plants and departments, 
702 

corrosion of pipe lines and methods of protect- 
ing against corrosion, 684 
dehydration and desalting, 519 
factors influencing drainage and production 
characteristics of wells, 90, 91 
factors influencing economic operation of wells, 
413 

flowing wells and their control, 155 
gas trapping, 519 

gas-injection methods, use of, to stimulate 
recovery, 470 

gathering and lease-storage systems, 576 
management of wells to secure maximum 
recovery, 412 

mechanical devices for lifting oil from wells, 
344 

office methods and records, 733 
oil and gas gaging, 577 
oil mining, 471 

pipe-line transmission of natural gas, 685 
pipe-line transportation of oil^ 683 
pneumatic methods of lifting oil, 213 
reservoir conditions in oil fields, 90 
sampling and testing of oil and gas, 57S 
storage tanks and reservoirs, 632 
tank and reservoir fires and protection against 
lightning hazard, 633 
vacuum, use of, to stimulate recovery, 469 
water-floocj,ing methods, use of to stimulate 
recovery, 470 
Bolted tanks, 581 
capacities and dimensions of, 583 
Books of account, 709 
Bottle thieves for oil sampling, 648 
Bottles, specific gravity, 658 
Bottom water, exclusion of, from wells, 394 
Bottom-hole chokes, advantages of, 128 
types of, 129 

Bottom-hole flow-line valves, 109 
Bottom-hole pressures, applications of, 152 
computation of, 161, 152 
measurement and applications of, 147 
Bottom-hole sampling of well fluids, 154 
Bottom-water incursion, use of gas lift in con- 
trolling, 170 

Boyle’s Law, applied to gas expansion from 
reservoir conditions, 15 

Bubble point of petroleum in the reservoir rock, 
defined, 17 

Bubbles, gas, influence of on expulsion of 
petroleum from reservoir rocJls, 33 
Buildings for oil-field service, 701 
Build-up curves, pressure, 86 
Burettes, centrifuge, 560 

Butterfly for changing direction of shackle lines, 
327, 328 

Button screen pipe for excluding sand from wells, 
363 

Braden heads for pumping wells, 262 
Breather bags, use of in reducing vapor losses 
in oil storage, 629 
Breather-roof tanks, 587 


C 

C- and W-style plunger pumps for oil-well service, 
231 

Cable system of power transmission, 324 
Cages, valve, for oil-well plunger pumps, 226 
California, famous gushers of, 106 
Cantilever type of beam counterbalance, 297 
Capacity of gas lifts, 168 

Capacity of vertical cylindrical tanks, formulas 
for computing, 536 

Capillarity, effect on distribution of oil, gas and 
water in reservoirs, 28 

Capillary control, concept of, in expulsion of 
petroleum from reservoir rocks, 34, 41 
Capillary retention of petroleum in the reservoir 
rock, 38, 42 

Capillary rise of petroleum in sand, formula for 
computing, 43 

Capital outlay, high initial, in equipping wells 
for gas lift, 173 
Carpenter shops, oil field, 687 
Cars, railroad tank, for oil transport, 673 
Casing heads, gas-tight, for use on gas-lift wells, 
179 

for pumping wells, 251 

Casing-head pressure, effects of on plunger pump 
efficiency, 267 
Catchers, tubing, 238 

Cathodic protection of pipe lines against corro- 
sion, 671 

Caving of shale beds, cause of exclusion of oil 
from wells, 349 

Gavins bailer for cleaning out wells, 358 
Cavities about wells, increasing drainage efficiency 
by formation of, 368 
methods of formation, 369 
Cavities, well, methods of determining size of, 
379 

provision of to promote flow of oil and gas, 112 
Cement, use of, in excluding water from wells, 
391-395 

Cement gun, use of, in reservoir construction, 
612 

Cement retainer, use of, in water exclusion, 392, 
393 

Central plants for generating electric power for 
oil-field purposes, 287 

Centralized power, advantages of in use of gas 
lift, 172 

Centrifugal force, use of, in dehydrating petroleum 
emulsions, 505 ^ 

Centrifugal pump, Reda multistage, for oil- 
well service, 342-344 

Centrifugal pumps for oil pipe-line service, 663 
Centrifuge burettes for oil testing, 560 
Centrifuge method and equipment for determin- 
ing amount of water and suspended solids 
in petroleum, 569 

Charcoal adsorption test for determining gasoline 
content of natural gas, 676 
Charles’ Law, applied to oil-reservoir conditions, 
15 

Checks, tubing, 241 . 
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Chemical methods of dehydrating petroleum, 
500 

cost of, 505 

field methods of applying, 502 
Chemical methods of water exclusion, 395 
Chemical reagents for removing wax accumula- 
tions from wells, 365 

Chemical treatment method of determining 
amount of water in oil samples, 564 
Chokes, bottom-hole types, 128 
surface types, 127 

Christmas-tree equipment for flowing wells, 99, 
100 

Circle jack for use in multiple pumping of wells, 
334, 335 

Circular water-flooding pattern and results of 
use, 454 

Circulating and jetting with oil to remove sand 
and shale accumulations, 357 
Circulating oil, 359 

Circulating pumps for lifting sandy oil from wells, 
271, 234, 235 

Classification of oil reservoirs in accordance 
with type of “control” operative, 40 
Cleaning out wells with compressed air, 358 
Closed-flow gaging of gas, by orifice meter, 569 
by pitot tube, 571 

Coatings, pipe-line, for protection against corro- 
sion, 671 

Cocks, lubricated, 102, 103 
Collecting system, oil, 525 

Colors, choice of, in painting tanks to reduce 
temperatures of stored oil, 627 
Combination multiple plungers, steel, cup packed, 
for oil-well pumps, 226 

Common-carrier oil pipe lines, regulations 
governing, 669 

Communication facilities, oil field, 689 
Compaction of reservoir rock, expulsion of 
petroleum by, 40 
Company balance sheets, oil, 731 
Company reports, oil (see Oil company reports) 
Composite production-decline curves, 79 
Compressed air, necessary to flow water from 
various depths, table, 120 
use of, in cleaning out wells, 358 
Compressibility of natural gas, 16 
Compression, of gas, 532, 681 

and distribution of gas in gas-injection projects, 
439 

formulas for computing power necessary, 683 
Compressor plants gas, for use in operation of 
gas-lift wells, 185 

Compressors, portable, for use in operation of 
gas-lift wells, 186 

Concrete, permeability of, for oil, 604 

use of, in repairing corroded tank bottoms, 631 
Concrete oil-storage tanks, 602 
construction of, 606 
design of, 605 

Concrete-lined reservoirs for oil storage, 608 
construction of, 609 
roofing of, 610 


Connate water, presence of in oil reservoir rocks, 
27 

Contraction and elongation of tubing due to 
pumping stress, 263 
formula for computing, 263 
Control devices, pressure and volume, for use 
on gas-lift wells, 179-182 
Control valves for flowing wells, 98 
Controls operative in regulating expulsion of 
petroleum from reservoir rocks, 41 
Conversion chart, specific gravity of oil, 645 
viscosity, 644 

Conversion table for oil density computations, 
553 

Core sampler for oil, 546, 548 
Core sampling of oil in tanks, 549 
Corrosion, of pipe lines, protection against, 670 
of steel storage tanks, methods of minimizing, 
619, 630 

of well equipment in gas-lift operation, 173 
Cost, of electrical dehydration of emulsions, 500 
of gas-lifting oil, 197 

of land, factor in selection of oil storage sites, 
616 % 

of lifting oil from wells, 410 
of oil-storage tanks and reservoirs, 632 
of operation of free-flowing wells, 155 
of pipe-line transportation of petroleum, 672 
of producing petroleum, 405 
by water flooding, 458 
Cost data for gas-drive projects, 443 
Cost-keeping and accounting departments, oil 
field, 692 

Cost records, oil field, 712 
graphic, 715 

Counterbalancing rod loads in beam pumping, 
296 

Coupling pipe with threaded joints, 658 
Couplings, types used on gas pipe lines, 679 
Crank types of counterbalance for pumping rigs, 
299 

Critical pressures and temperatures of hydro- 
carbons, 13, 14 

Critical velocity in flow of oil through pipes, 640 
Crown, valve, for oil-well pumps, 226, 230 
Cumulative production-pressure graphs, 88 
rate of production type of graph, 81, 82 
Cup-packed oil-well plunger pumps, 219 
Cups, use of, on oil-well pump plungers, 222 
Cut, determination of, 551, 558 
•<0 

D 

D and B types of plunger pumps, 231 
Dale water-locating instrument, 390 
Dalton’s Law of Partial Pressures applied to oil- 
reservoir conditions, 14, 19 
D’Arcy formula for computing flow of fluids 
through sand, 47 

Darcy, unit of permeability, defined, 8 
Dayton pipe couplings, 679 
Decline in productivity of oil properties, 55 
Decline characteristics of wells, 73 . 
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Decline curves, average, graphic method of con- 
structing, 80 

Decline curves, gas-expansion type, formulas 
for, 75 

Decline curves, percentage, 78 
Deflection of wells, influence of, on underground 
losses of oil, 58 

Dehydrating petroleum by use of chemical 
reagents, 500 
cost of, 605 

field methods of applying chemical reagents, 
502 

Dehydration of crude petroleum emulsions, 
483, 489 

centrifugal method, 506 
chemical methods, 600 
economic importance of, 512 
electrical methods, 492 
filtration methods, 510 
gravity-settling methods, 490 
heat-treatment methods, 491 
Dehydrators, electrical, 493-500 
capacities of, 499 
costs of operation, 500 # 

operating details of, 498 
De Laval oil purifier, 50G, 508 
Delayed operation of producing wells in water 
flooding, 459 

Density, of crude petroleum, influence of dissolved 
gas on, 21 

of gas, methods of determining, 
effusifon method, 573 
gas-balance method, 574 
of oil, change in as exploitation progresses, 54 
of petroleum, methods for determining and test 
instruments, 652, 558 

Depreciation rates for oil-industry plant and 
equipment, 711 

Depthograph, use of, in determining fluid level 
in pumping wells, 402 

Depth of wells, influence of on lifting cost, 411 
Depth indicator, Foxboro, liquid, 539 
Depth measurements of oil in vertical cylindrical 
tanks, 537 

Depth pressures, applications of, 152 
Depth-pressure indicating and recording devices, 
148 

Depth-pressure production-rate graphs, 83 
Detrital accumulations within oil casing, 356 
Diaphragm-control mechanism used on oil and 
gas separators, 480 

Diesel engines for operation of oil-€ ell plunger 
pumps, 285 ^ 

Differential pressure-rate graphs, 82, 83 
Differential recording pressure gage for use in 
gas gaging, 571 

Displacement, plunger, in oil-well pumping, 
266, 267 

Displacement pumping, 204 ^ 

advantages of, 207 

arrangement and design of equipment for, 205, 
207 

operating data, 207 

Pisposal systems, salt water, 007 


Dissolved natural gas, role of, in expulsion of 
petroleum from reservoir rocks, 32 
Distillation method of determining amount of 
water in petroleum, 562 
Distributing accounts, 707 
Distributing lines, high-pressure gas, 187 
Distribution, and compression of gas in gas- 
injection projects, 439 
of electric power in oil-field service, 288 
of expense of conducting service departments, 
715 

Ditching machines, traction, 658 
Drainage, of oil-reservoir rocks, principles of, 1 
of petroleum-reservoir rocks, influence of 
gravity on, 36 

of petroleum from reservoir rocks, retentive 
forces restricting, 41 

toward a well, radial characteristics of, 368 
Drains, tubing, 240 
Draw-down curves, 87 
Dresser couplings, 679 
Drips for gas-gathering lines, 532, 533 
Dry gravity of wet oil, methods of determining, 
556 

chart method, 556, 557 
Dynagraph, Gilbert-Sargent, 262 

dynamometer cards obtained by, 262 
for measuring stresses in sucker rods at pump- 
ing wells, 261 

Dynamometer cards for pumping wells, 258, 259 
Dynamometers, use of, in measuring sucker-rod 
stresses, 256 

E 

Earthen reservoirs for oil storage, 613, 614 
Economic aspects of vacuum recovery process, 
422 

Economic importance of petroleum dehydration, 
512 

Economic operation of pumping wells, factors 
influencing, 396 

Edge water, expulsion of oil from reservoir rocks 
by, 38 

rate of encroachment of, 39 
relation of, to oil in the reservoir, 27, 29 
Edge-water encroachment, influence of on produc- 
tion graphs, 73 

Edge-water incursion, cause of underground oil 
loss, 59 

Edge-water line, concept of, 28, 29 
Eduction tubes, for gas lifting, 176 
tapered eduction tubes, 176 
influence of depth of lower end of, on efficiency 
of operation of the gas-lift, 166 
influence of size of on efficiency of operation 
of the gas lift, 165 

Eductor tube foot pieces for use in gas lifting, 
178 

Edward’s gas balance for determining gas density, 
574, 575 

Effusion method of determining gas density, 673 
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Elastic elongation, and contraction of tubing due 
to pumping stress, 263 
of sucker rods, formulas for computing, 262 
under static stress, 261 ' . 

Elastic properties of sucker rods in plunger 
pumping, 254 

Electric heating devices for melting paraffin 
accumulations in wells, 366 
Electric lighting, 698 

Electric motors, types of, for oil-well pumping 
service, 289 

for well-pumping service, 286 
Electric power, distribution of, in oil-field service, 
288 

generation of, in central plants for oil-field 
purposes, 287 

methods of applying in operating oil-well 
pumps, 294 

Electrical dehydration of petroleum emulsions, 492 
Electrical dehydrators, capacity of, 499 
cost of operation, 500 
operating details, 498 
types of, 493 

Electrical devices for determining fluid level in 
pumping wells, 403 

Electricity hazards, static, protection of stored 
oil against, 620 

Elevators, sucker-rod and tubing, 381, 383 
Elongation and contraction, of sucker rods, 
elastic,' 261, 263 

of tubing due to pumping stress, 263 
formula for computing, 263 
Emulsification of water and oil in gas lifting, 172 
Emulsification tendencies, methods of reducing, 
513 

Emulsifying agents and their influence, 487 
Emulsion, formation of, in flowing and gas-lift 
wells, 515 

in plunger pumping, 517 
in the reservoir rock, 514 
Emulsions, centrifugah methods, 505 
chemical methods, 500 
crude petroleum, colloidal properties of, 486 
dehydration of, 489 
electrical methods, 492 
emulsifying agents and their influence, 487 
fiiltration methods, 510 
gravity-settling methods, 490 
heat-treatment methods, 491 
influence of water content on stability, 488 
physical character of, 484 
role of gas and air in forming emulsions, 489 
water often hj|gbly saline, 488 
water globules electrically charged, 489 
Energy gradient within the reservoir rock in 
vicinity of a well, 51 

Engineering department, oil field, equipment and 
work of, 690 

Engines, Diesel, for operation of oil-well plunger 
pumps, 285 

gas, for operation of oil-well plunger pumps, 280 
multicylinder gas engines, 283, 285 
single-cylinder gas engines, 281 
Englci* yiscpsjmeter, conversion formula for, 643 


Equalizer for changing length of stroke of shackle 
lines in multiple pumping, 330 
Equivalent lengths of pipe sizes, use of, in flow 
computations, 647 

Evaporation losses from stored oil, 617 
methods of minimizing, 626 
Expansion joint for use on welded oil pipe lines, 
656 

Expansion of natural gas from reservoir condi- 
tions, 16 

Expenditure and income summaries, oil company, 
732 

Expense accounts, 707 

Exploitation systems, influence of, on ultimate 
recovery, 64 

Explosion hatch for steel tanks, 601 
Explosion hazards, protection of stored oil 
against, by blanketing with inert gas, 622 
Explosives, effects of, in forming well cavities in 
hard reservoir rocks, 370-373 
use of, in removing wax accumulations from 
wells, 366 

in wells to promote flow, 112 
Expulsive forces, influence of nature of, on decline 
characteristics of wells, 72 

F 

Family production-decline curves, 79 
Fanning equation for computing linear flow of oil 
through sand, 47 

Fanning , formulas for computing flow of oil 
through pipes, 641 * 

Fetty long-stroke pumping attachment, 302 
Fill-up curves, pressure, 86 
Films, oil, left on sand grains after drainage, 45 
Filtration methods of dehydrating emulsions, 510 
Financial accounts, 706 

Fire prevention and control in oil-storage tanka 
and reservoirs, 619 
Fire protection in oil fields, 699 
Fire risk in oil storage, 618 
Fire walls about oil-storage tanks, 617 
Fires, oil tank, methods of extinguishing, 624 
Five-spot pattern for wells in water flooding, 455 
Flexible couplings for gas pipe lines, 679 
Float gages for oil tanks, 539 
Float-controlled type of oil and gas separator, 477 
mechanical features of, 477 
physical principles involved in design and 
operation of, 480 
Floating-roof steel tanks, 588 
Flooding with oil to remove detrital material 
from w«:21s, 360 

Flooding operations, selection and*treatment of 
water for use in, 458 

Flooding, residual oil from partially depleted oil 
sands with water, 444 

arrangement of producing and injection wells, 
453 

cost of producing petroleum by this method, 458 
effect of flood-water pressure on well spacing, 
development cost and recovery efficiency, 
467 
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Flooding residual oil from partially depleted oil 
sands with water, historical development of 
process, 451 

influence of structure, depth and permeability 
of reservoir rock on spacing and arrange- 
ment of wells, 456 
theoretical aspects of flooding, 445 
water-flooding practice in the Bradford field, 
452 

Flow, of gas, through pipe lines, formulas for 
computing, 677 

through sand, formula for computing, 47 
“by heads,” 107, 125 

of oil, through pipes, formulas for computing, 
641 

graphical solution of computations of, 651 
theoretical considerations governing, 638 
typical problems illustrating computations, 
647 

through reservoir rocks, frictional resistance 
of, 45 

toward a well, radial characteristics of, 48 
of wells, expenditure of energy in, 113 
hydrodynamics of, 113 ^ 

methods of inducing, 110, 112 
Flow characteristics of wells operated by gas lift, 
167 

Flow devices, intermittent, for use in operation of 
gas-lift wells, 199 

Flow efficiency in naturally flowing wells, 119 
Flow nipples, bottom-hole, types of, 128 
surface, types, 127 

Flow velocities, in gas-lift operation, 167 
in tubing of flowing wells, 117 
Flowing production, least costly method of lifting 
oil, 96 

Flowing wells, 93 

arrangement of surface equipment for, 97 

basis for computing efficiency of, 122 

character and relationship of fluids in, 94 

classification of, 93 

cost of operation of, 155 

design of tubing installations for use in, 137 

energy consumed in, 121 

efficiency in, 119, 122, 123 

equipment of, 96 

explanation of, 93 

formation of emulsion in, 515 

gas expansion in, 115 

graphic production records for, 146 

intermittent, 107 

methods of controlling pressures in, 13i6 
pressure conditions in, 115 
pressure control of, 122 

selection of tubing size for most efficient opera- 
tion, 137 

tubing of, advantages of tubing, 136, 137 
variation in characteristics of fluids at different 
depths in, 114 

Flowing-well control by varying length and 
diameter of flow tubing, 130 
Flow-line valves, bottom hole, 109 
Fluid level in well casing, influence on production, 
efficiency, 401 


Fluid level in well casing, methods of determin- 
ing, 402 

Fluid mechanics of gas-lift flow, 166 
Fluid-packed pumps for lifting sandy oil from 
wells, 230, 233, 271 

Fluids, character and relationship of, in flowing 
wells, 94 

distribution of, in the reservoir, 27 
variation in, at different depths, 114 
Flush production, defined, 73, 74 
Foamite, use of, in extinguishing tank fires, 625 
Foot pieces, eductor tube, for use in gas lifting, 178 
Forge shops, oil-field, equipment of, 687 
Formation volumes of hydrocarbon mixtures, 25 
Formational gas-oil ratio, influence of, on effi- 
ciency of operation of the gas lift, 164 
Foundations for steel tanks, 597 
Free-flowing wells, 103 

Friction factors for computing flow of oil through 
sands, 46 

Froth flow of fluids in flowing wells, 95 
Froths, use of, in extinguishing tank fires, 625 

G 

Gaging and testing natural gas, 565 
Gaging facilities for use with gas-lift well, 184 
Gaging shipments of crude petroleum to trans- 
portation facilities, 564 
Galvanized oil-storage tanks, 580 
Garbutt-rod attachment for oil-well plunger 
pumps, 222, 223 

Gas, elimination of, from pump in well operation, 
399 

enrichment of, by passage through depleted oil 
sands, 444 

formula for computing flow of through sand, 47 
gaging, 566-569, 571 

influence of vacuum recovery process on gaso- 
line content of, 419 

necessary to lift oil at different rates, Seminole 
field. 123 

pipe line design, 678 
joints, 679 

pipe-line transport of, 676 

formulas for computing flow, 677 
separation of, from petroleum, 474 
storage in depleted strata, 443 
testing and gaging, 565 
transportation, 635 

wet, and liquid hydrocarbon condensates as . 
gas-driving mediums, 440 
Gas anchors, 241 

Gas balance, Edwards, for determining gas den- 
sity, 574, 575 

Gas bubbles, influence of on expulsion of petro- 
leum from reservoir rocks, 33, 34 
Gas cap, relation of, to oil in the reservoir rock, 27, 
29 

Gas caps, effect of, on expulsion of petroleum from 
the reservoir rock, 35 
secondary, 35 

underground loss attending inyasion of by oil, 
59 
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Gas circulation* relation of, to volume of oil lifted 
in operation of gas-lift wells, 193 
Gas compression, 532, 681 
and distribution for gas-ini ection projects, 439 
formulas for computing power necessary, 683 
Gas compressor plant for use in operation of gas- 
lift wells, 185 

Gas density, methods of determining, effusion 
method, 573 
gas-balance method, 574 
Gas engines, influence of speed on power output, 
284 

for operation of oil-well plunger pumps, 280 
multicylinder, 283, 285 
single cylinder, 281 
Gas expansion in flowing wells, 115 
Gas heaters, use of in operation of gas-lift wells, 
188 

Gas holders, 681 
Gas lift, 159 

advantages and disadvantages of, 168 
as a back-pressure device, 169 
capacity of, 168 

choice of air or natural gas in operation, 165 
efficiency, factors influencing, 162 
equipment, arrangement of, 173, 174 
flow Characteristics, 167 
fluid mechanics of, 166 
general features of, 159 
historical development of, 159 
increase in rate of production through use of, 
171 

operating data, 190, 194, 195 
pressure control of wells in use of, 161 
pressure of input gas in operation of, 162 
production records, 196 
pumping equipment, Kobe, 303-306 
starting flow in operation of, 190 
stripping of light fractions from oil in operation 
of, 164 

temperature of input gas in operation of, 163 
volume of input gas in operation of, 163 
Gas lifts, multistage, 198 
special forms of, 197 

Gas meter, output, use of, on gas-lift well, 184 
Gas pressure, initial, influence of on recovery 
efficiency, 63 

regulating devices for, 532, 680 
Gas slippage in flowing wells, 118 
Gas transmission lines, high-pressure, for use in 
operation of gas-lift wells, 187 
Gas traps, arrai^^gement of, 481 

mechanical features of float-controlled separa- 
tors, 477 

physical conditions presented in operation of, 
474 

physical principles involved in design and 
operation of, 480 
types of, 475 

use of, on gas-lift wells, 475 
Gas volume and pressure, adjustment of in opera- 
tion of gas-lift wells, 192 
Gas-drive cost data, 443 


Gas-drive method of stimulating recovery, 429 
historical development of, 433 
practical application and results secured, 434 
theoretical aspects of, 429 
Gas-drive operations, unit control of fields desir- 
able in, 442 

Gas-drive production records, 441 
Gas-drive projects, operation of natural-gasoline 
extraction plants in conjunction with, 440 
Gas-expansion type of production graph, char- 
acteristics of, 72, 74 
Gas-gathering system, 529 

low pressure, for use in operation of gas-lift 
wells, 184 

Gas-injection methods of stimulating oil recovery, 
112, 423 

Gas-lift wells, formation of emulsion in, 515 
Gas-lifting intermittent, advantages of, 203 
Gas-lifting oil, cost of, 197 

Gas-oil ratio, formational, influence of on oper- 
ating efficiency of the gas lift, 164 
of flowing wells, factors influencing, 135 
control of, 111 

influence of pressure control on, 133 
variation in, 134 

influence of rate of production on, 135, 136 
measure of production efficiency, 69 
production-rate graphs, 89 
Gasoline, extraction of, from circulated gas in 
gas-lift operation, 188 

use of, as a solvent in removing wax accumula- 
tions from wells, 364 

Gasoline content of gas, influence of vacuum 
recovery process on, 419 

Gasoline content of natural gas, methods of 
determining, 576 

Gasoline recovery system, relationship in gas- 
lifting, 175 

Gasoline-extraction plants, operation of, in con- 
junction with gas-drive projects, 440 
Gasometers, 681 
Gastributor, 201 

Gathering, local storage and shipping of petro- 
leum; gaging, sampling and testing, 521 
Gathering lines, gas, design and layout of, 530 
oil, design and arrangement of, 527 
pumps used for, 663 
Gathering system, gas, 629 

low-pressure, for use in operation of gas-lift 
wells, 184 
oil, 626 

Gear-dr?ven pumping unit, 298 
Geared pow^ns for multiple pumping, 320 
Generation of electric power in central plants for 
oil-field purposes, 287 
Geologist, resident oil field, duties of, 691 
Gradient, energy, within reservoir rock in vicinity 
of a well, 51 

pressure, within reservoir rock in vicinity of a 
well, 49 

Gradients, pressure, in flowing wells, 163 
Graphic cost records, 716 
Gravel, iise of, in filling well cavities, 374-376 
Gravel packing of wells, 366, 357 
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Gravel screens about wells, artificially formed, 355 
natural formation of, 348, 349 
Gravity, influence of, on drainage of petroleum 
from reservoir rocks, 36 
on pipe-line flow, 646 

of oil, cbange in, as exploitation progresses, 54 
influence of vacuum on, 419 
of petroleum, methods of test and test instru- 
ments, 552 

Gravity conversion chart, 645 
Gravity correction chart, 556, 557 
Gravity drainage of oil from sand, results of 
experiments on, 62 

Gravity settling of oil-water mixtures, 490 
Gravity tests of crude petroleum, temperature 
corrections for, 565 

Grips, polished rod, for plunger pumping, 249 
Guides, sucker rod, 246, 247 
Gushers, 103 

H 

Hangers, beam, for plunger pumping, 248 
sucker rod, 382 

tubing, 238 • ^ 

Hay tanks for separation of water from petroleum 
by filtration, 511 

Heading of flowing wells, 107, 125 
Heads, tubing and casing, for pumping wells, 251 
Heat, use of, in determining amount of water in 
oil samples, 564 

in removing wax accumulations from wells, 
364, 365 

Heat treatment of water-oil mixtures, 491 
Heaters, gas, use of, in operation of gas-lift w'ells, 
188 

Henry’s Law, applied to solution of natural gas in 
petroleum, 17 

Historical development of the oil pipe line, 636 
Hold-up posts for shackle-line support in multiple 
pumping, 325 
Hook gage, 538 
Hooks, tubing, 383 

Horsepower of gas engines, influence of speed on, 
284 

Horton spherical and spheroidal tanks, 590-593 
Houses for oil-field employees, 699 ^ 

Hughes plunger lift, 210, 211 
operation of, 212 

Humble depth-pressure recording apparatus, 149, 
150 

Hydraulic long-stroke pumping equipment, 303 
Hydraulic method of forming well cavities, 373- 
376 

Hydraulic-control concept of expulsion of petro- 
leum from reservoir rocks, 40 
Hydraulic-pumping equipment, Kobe rodless, 
339-342 

Hydraulic-snubbing equipment for inserting tub- 
ing in high-pressure flowing wells, 143 
Hydrocarbon accumulations in wells, solid, causes 
of and methods of removal, 362-366 
Hydrocarbon gases and vapors, volumes of, 
formed by 1 gal. of liquid at 760-mm. 
pressure, 14 


Hydrocarbons in natural gas, changing phase 
properties of, 14 

Hydrochloric acid, use of, in acid treatment of 
wells, 377 

Hydrodynamics of natural flow, 113 
Hydrometer tests of wet oils, factors controlling 
accuracy of, 554 

Hydrometers for oil testing, 652-554 

I 

Income accounts, 708 

Income and expenditure summaries, oil company, 
732 

Induced flow of wells, 110 

Inert gases, use of, in protecting oil reservoirs and 
tanks against fire and explosion hazards, 622 
Inhibitors used in acid treatment of wells, 377 
Initial production of wells, decline of, 53 
Initial storage of petroleum, 521 
Injection of gas into reservoir rock as means of 
stimulating recovery of petroleum, 423 
Injection and producing wells, arrangement of, in 
water flooding, 453 

Inorganic precipitates, causes of formation of, in 
wells and methods of removal, 366-367 
Input gas, pressure of, in operation of gas lifts, 162 
temperature of, 163 
volume of, 163 

Input-gas pressure- and volume-control devices 
for use on gas-lift wells, 179 
Insert pumps, oil well, 229, 232 
Intensive system of water flooding, 455 
Interfacial tension phenomena and their influence 
in displacement of adherent oil, 448 
Interference of wells, production graph illustrat- 
ing, 76 

Intermediate water, expulsion of, in well main- 
tenance, 392 

Intermittent gas lifting, advantages of, 203 
Intermittent pumping versus continuous slow- 
motion pumping, relative efficiencies, 277 
Intermittently flowing wells, 107 
Intermitters for use in operation of gas-lift wells, 

199 

Interval, productive, definition of, 10 
Isothermal expansion, of gas, formula for work 
done by, 116 

of perfect gas, energy available in, 120 
J 

Jacks, pumping, for use in multiple pumping of 
wells, 332 

Jamin action in expulsion of petroleum from the 
reservoir rock by expanding gas bubbles, 33 
Jat intermittent gas-lift timing control equipment, 

200 

Jat magnetic valve for use in intermittent opera- 
tion of gas-lift wells, 201-202 
Jetting and circulating with oil to remove detrital 
accumulations, 357 

Jetting method of forming well cavities, 373-376 
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Joints, for. gas pipe lines, 679 
sucker rod, types of, 243 
used in construction of oil pipe lines, 663 
Julian circulating pump, 235 

K 

Kelly standing valve, 227, 229 
Kicking-off gas-lift wells, 190 
Kick-olf valves and collars for starting gas-lift 
wells, 177-178 

Kinematic viscosity of oil, 643, 646 
Kobe gas-lift pumping equipment, 303 
Kobe hydraulic pumping equipment, 339-342 
Kynro circulating pump, 235 

L 

Laboratories, oil field, 692 

Labor expense, distribution of, on cost records, 
717 

Labor-segregation records, 717 
Lagging of oil-storage tanks to reduce tempera- 
ture of stored oil, 628 

Land cost, factor in selection of oil-storage sites, 
616 

Law of equal expectations, 57 
Lead-line connections for pumping wells, 247 
Ledger accounts for an oil-producing company, 
704-705 

Length of stroke in plunger pumping, 264 

change in, due to stretch of rods, formulas for 
computing, 264-265 

Libraries, technical, maintained by oil companies, 
694 

Life, of oil-field plant and equipment, 711 
of wells, economic, factors influencing, 57 
Lifting cost, 410 

Lifting devices, mechanical, for removal of oil 
from wells, 215 

Lifting oil from wells in gas-driving process, 437 
Lighting, electric, on oil-producing properties, 698 
Lightning hazards, protection of stored oil 
against, 620 

Limestone reservoir rocks, acid treatment of wells 
producing from, 376-379 
lithologic properties of, 7 
oil accumulations in, 7 

Line pipe, table of dimensions, weights and 
diameter functions, 649, 653 
material used in manufacture of, 653, 656 
Line-flood pattern^ 454 

Liner plunger pumps, steel, types of, for use in oil 
wells, 221 

Liners, cast iron, for oil-weU steel plunger pumps, 
224 

Liquid hydrocarbons and wet gas as gas-driving 
mediums, 440 

Liquid level in well casing, influence on production 
eflaciency, 401 

methods of determining, 402 
liquid-depth indicator, 539 
Lithologic properties of oil-reservoir rocks, verti- 
cal and lateral variation in, 8 


Living accommodations for oil-field employees, 
699 

Load, balancing of, in multiple pumping, 336 
Loading rack, 675 
Logarithmic production graphs, 77 
Logarithmic viscosity charts, 646 
Lo-kate-it device for locating point of water entry 
in wells, 390 

Long-stroke pumping devices, 300 
Looping oil pipe lines, 652 
Losses, of oil, underground, 58 

from stored oil by evaporation and seepage, 617 
Lubricated cocks for use on flowing wells and sur- 
face lines, 102, 103 

M 

Macaroni pumps for lifting sandy oil from wells, 
271 

Machine shops, oil field, equipment of, 687 
Magnetic-strain gage used in determining sucker- 
rod stress, ,261 

Maintenance, of reservoir-pressure method of 
stimulating recovery of p&troleum, 424-426 
of well equipment, 380 

Management of wells to secure maximum 
recovery, 347 

Materials received report, form for, 723 
Max-i-flo intermittent flow-control equipment, 
202 

Mead assister for preventing sand from settling in 
well tubing, 272 * 

Mechanical devices for lifting oil from wells, 215 
Meter, output gas, for use on gas-lift well, 184 
Meters, oil, 540 

orifice, for use in closed-flow gaging of gas, 569 
differential recording pressure gages for 
use in conjunction with, 571 
Mexico, famous gushers of, 105 
Mineral grain surfacCvS, penetration of, by oil, 44 
Mining methods for recovery of oil, 460 
character of drainage secured by mine openings, 
468 

conditions limiting use of mining methods in oil 
recovery, 468 

drainage through radiating bore holes from 
bottom of mine shaft, 466, 467 
through secondary openings communicating 
with mine workings outside of the oil 
sands, 465, 467 

methods* employed in the Pechelbronn mines, 
462 

removal of mined oil sand to surface for extrac- 
tion of oil, 460 

subterranean drainage of oil sands through 
mine workings driven into and through the 
oil sands, 461 

Minute pressure method of open flow gaging of 
gas wells, 666 

Mist flow of fluids in flowing wells, 96 
Motor truck transport of oil, 675 
Motors, electric, for oil-well pumping service, 286 
types of, 289 < 
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Multiple pumping, endless-cable system of power 
transmission for, 324 
push-and-pull system of, 321, 322 
Multiple-pumping plants, operating details of, 
338 

Multiple-well pumping systems, 313 
Multiplier for changing length of stroke of shackle 
lines in multiple pumping, 330 
Multistage centrifugal pump, Reda, 342-344 
Multistage gas lifts, 198 

N 

Natural gas, changing phase properties of hydro- 
carbons in, 14 

choice of, or air for injection purposes in gas 
driving, 438 

in operation of the gas-lift, 165 
compressibility of, 16 

critical pressures and temperatures of hydro- 
carbon constituents of, 13, 14 
dissolved, influence of, on density and volume 
of petroleum, 21 

on surface tension of petroleum, 25 
on viscosity of petroleum, 24 
enrichment of, by passage through depleted oil 
sands, 444 

expansion of, from reservoir conditions, 16 
hydrocarbons present in, 13 
pipe-line transport of, 676 

formulas for computing flow, 677 
properties of in the reservoir rock, i3 
r61e of, in expulsion of petroleum from reservoir 
rocks, 30 

solution capacity of in crude petroleum, 17 
storage of, in depleted strata, 443 
trapped in gas caps, effect on expulsion of petro- 
leum from reservoir rocks, 35 
{See also Gas) 

Natural-gasoline extraction plants, operation of, 
in conjunction with gas-drive projects, 440 

0 

Office methods and records, oil field, 703 
Oil and gas, transportation of, 635 
Oil company balance sheets, 731 
Oil company organization, 703 
Oil company reports, 727-729 
annual, 729 

list of reports comprizing report system, 728, 
729 

Oil content of partially depleted fieMs, methods of 
determining, 416 

Oil engines for operation of oil-well plunger pumps, 
285 

Oil fields, productivity of, 64 
Oil films on sand, thickness of, 46 
Oil losses, underground, 58 
Oil meters, 540 

Oil pipe lines, construction of, 667 
design of, 650 
operation of, 666 


Oil properties, and gas properties, influence of, ou 
operating efficiency of the gas lift, 164 
influence of, on efficiency of water flooding, 61 
on efficiency of gravity drainage, 62 
Oil reserves in partially depleted American fields, 
414 

Oil Weigh Meter, 542, 544 

Oil-absorption test for determining gasoline con- 
tent of natural gas, 576 
Oil-gathering system, 525 
Oil-mining methods, 460 
{See also Mining) 

Oil-producing properties, decline in production of, 
55 

Oil-well plunger pumps, rod operated, 218 
Oklahoma-type pumping jack, 333 
Olney field, Texas, pressure-restoration project, 
426 

Open-flow gaging of gas, 566 
minute-pressure method, 566 
orifice well-tester method, 568 
pitot-tube method, 567 
Orifice meters, for oil gaging, 542, 544 
use of, in closed-flow gas gaging, 569 
Orifice well tester for open-flow testing of gas 
wells, 566 

Otis removable bottom-hole choke, 129 
Otis system for snubbing tubing into and out of 
high-pressure flowing wells, 141 
equipment for, 142 
Outage tables for oil gaging, 537, 538 

P 

Paints, choice of, in reducing tank temperatures, 
627 

Pan-type floating-roof tank, 589 
Paraffin accumulation in wells operated by gas 
lift. 172 

Paraffin hooks for removing wax from tubing, 366 
Parted sucker rods and tubing, methods of repair- 
ing, 384 

Paso-oll, form for, 719 

Pebble and sand screens about wells, natural 
formation of, 348, 349 

Perforated pipe, shop, for sand exclusion from 
wells, 351 

Pendulums for shackle-line support in multiple 
pumping, 326, 327 

Percentage-production-decline curves, 78 
Permeability of oil reservoir rocks, 7 
measurement of, 8 
Permeability factor, 85 
Personnel departments, oil company, 693 
Pet-cock controlled sampling ports in oil tanks, 
548 

Petreco dehydrators, 493 
Petroleum, expulsion of, 29, 30, 32, 40 
properties of, in the reservoir rock, 10 
retention of, in reservoir rocks, 38, 41-43 
solution of natural gas in, 17 
weight per gallon for different gravities, table, 
653 
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Petroleum accumulations, relation of, to geologic 
structure and natural forces operative, 1 
Petroleum emulsions, physical character of, 484 
(See also Emulsions) 

Phenol, use of, in centrifuge test, 561 
Photomicrographs of petroleum emulsions, 486, 
515,517 

showing influence of electricity in resolving 
emulsions, 494 

Pipe, A.P.I. standard plain end, sizes and weights 
of, 654-655 

material used in manufacture of 655-656 
standard and line, table of dimensions, weights 
and diameter functions, 649, 653 
Pipe coverings, protective, 660 
Pipe joints, welding, 660 
Pipe laying, lowering in trench, 661 
Pipe line, oil, character of joints used, 653 

as common carrier, regulations governing, 
669 

construction of, 657 
design of, 650 

historical development of, 636 
operation, 666 

Pipe shops, oil-field, equipment of, 687 
Pipe sizes, equivalent lengths of in flow computa- 
tions, 647 

Pipe-laying machine, 659 

Pipe-line coatings and wrappings for protection 
against corrosion, 671 
Pipe-line corrosion, protection against, 670 
Pipe-line flow of oil, formulas for computing, 641 
Pipe-line flow computations, 647 
Pipe-line flow problems, oil, graphical solution of, 
651 

Pipe-line joints, gas, 679 
Pipe-line maintenance, oil, 669 
Pipe-line pumping stations, arrangement of 
equipment, 664 

Pipe-line transmission of natural gas, 676 
formulas for computing flow, 677 
Pipe-line transportation, of crude petroleum, 635 
pumps used in, 662 
theoretical considerations, 638 
of oil, cost of, 672 

Pipe-line transportation systems, principal fea- 
tures of, 637 

Pipe-screwing machine, traction, 658 
Pitman-types of counterbalance, 298 
Pitot tube, used in closed-flow gaging of gas, 571 
Pitot-tube method of open flow gaging of gas 
wells, 566 ^ 

Plain-end pipe, A.P.I. standard, sizes and weights 
of, 654, 655 

materials used in manufacture of, 655, 656 
Plant register, 710 

Plugging wells with cement to exclude water, 
393-394 

Plugs for exclusion of bottom-water from wells, 

,,.394' 

Plumb bob for oil gaging, 538 

Plumb-bob valycs for oil-well plunger pumps, 227 , 

m 


Plunger displacement in oil-well pumping, 266, 
267 

Plunger displacement pumps, rod operated, for 
oil-well pumping, 218 

Plunger leakage in oil-well pump operation, 276 
Plunger lift, Hughes, 210, 211 
operation of, 212 

Plunger pump, application of power in operation 
of, 278 

cup-packed, oil-well, 219 
oil-well, cycle of operation, 219 
standard sizes of, 223. 
rod-operated, principles of operation, 253 
standard surface equipment for beam opera- 
tion of plunger pumps, 220 
steel liner types of plunger pumps for oil-well 
service, 221 

types of plunger pumps, 221 
volumetric eflaciency of plunger pumps, 278 
Plunger pumping, beam connections for, 247 
formation of emulsions in, 517 
Plunger rings for oil-well plunger pumps, 225 
Plunger velocity in oil-well pumping, 266. 
Plunger-pump efficiency, effects of submergence 
and casing-head pressure on, 267 
importance of gas control in securing i>ump 
eflSlciency, 272 

influence of valve operation and design on pump 
efficiency, 274 

influence of plunger leakage on pump efficiency, 
276 

Plunger-pumping equipment, wire line, 252 
Plungers, steel, for oil-well pumps, 225 
Pneumatic pumping of wells, 158 
Pneumatic-pumping cylinders, 307 
Poise, unit of viscosity, definition of, 643 
Poiseuille’s equations for radial flow of oil and gas 
through sand, 48 

Poiseuille's formula for computing viscous flow of 
oil through pipes, 641.. 

Polished rods for oil-well plunger pump operation, 
246 

Polished-rod grips and shock absorbers, 249 
Pontoon -deck floating-roof tank, 588, 591 
Pore openings in reservoir rocks, classification of, 2 
Pore spaces, in oil sands, size and number of, 6 
between spheres packed in various ways, form 
of, 5 

Porosity, distinction between absolute and effec- 
tive, 4 

of limestone reservoir rocks, 7 
of oil s$,nds, influence of secondary cementation 
on, 6 

relation'xJJ porosity to productivity of wells, 
54 

of sands and sandstones, 3 
Portable well-servicing machines, 387 
Portland cement, use of, in excluding water from 
wells, 391-395 

Power, application of, to oil-well pumps, factors in 
obtaining high efficiency, 403 
in operation of oil-well plunger pumps, 278 
centralized, advantages of in gas-lift method of 
operation, 172 
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Power, choice of type of power for oil-well pump- 
ing service, 292 

necessary for gas compression, formulas for 
computing, 683 

to pump oil through pipes, computation of, 
652 

Power factor of electric motors, definition of, 290 
Power plant, oil-field, 688 

Power requirements for pumping and well-pulling 
service, 292 

Powers for multiple pumping, 317 
Precipitates, inorganic, causes of formation of, in 
wells and methods of removal, 366-367 
Pressure, effect of, on solubility of natural gas in 
petroleum, 17 

and volume of input gas, adjustment of in 
operation of gas-lift wells, 192 
reservoir, 10 

influence of, on surface tension of petroleum, 
12 

on volatility of petroleum, 13 
Pressure build-up and fill-up curves, 86 
Pressure conditions at different depths within the 
tubing of a flowing well, 115 
Pressure control oflElowing wells, 122 
in application of gas lift, 161 
importance of, in attaining maximum recovery, 
71 

influence of, on gas-oil ratios, 133 
by regulating flow of gas through annular space, 
132 

by varying length and diameter of j&ow tubing, 
130 

Pressure-control devices for use on gas-lift wells, 
179, 181, 182 

Pressure- and volume-control equipment, 
natural gas, 532 

Pressure-cumulative production graphs, 88 
Pressure gradients in flowing wells, 153 

within the reservoir rock in vicinity of a well, 49 
Pressure regulation of flowing wells, advantages 
of, 122 

Pressure-maintenance method of stimulating 
recovery of petroleum, 424, 426 
Pressure-regulating and control facilities for use 
on a low-pressure well, 531 
Pressure-regulating devices, gas, 680 
Pressure-restoration method of stimulating 
recovery of petroleum, 423, 424 
Pressures in flowing wells, methods of controlling, 
126 

Pressure- washing well screens with oil remove 
detrital material from wells, 360, 361 
Price of oil, influence of on econof&m life of wells, 
57 

Price-request form, 721 

Prime movers, choice of, for well-pumping service, 
292 

Proctor-Miller fluid-displacement pump, 208, 209 
Producing and injection wells, arrangement of in 
water-flooding, 453 

Production, from oil properties, drilling to 
maintain, 56 
factors influencing, 62 


Production from wells, factors influencing, 62 
Production characteristics of oil and gas wells, 72 
Production costs, 405 

Production tefl5ciency, gas-oil ratio as a measure of, 
69 

Production graphs, logarithmic, 77 
Production rate, 52, 82, 83, 123, 411 
Production records, 725 

of flowing wells, graphic, 146 
gas lift, 196 

for gas-drive projects, 441 
graphic, showing increased rate of production 
through application of gas lift, 171 
of oil properties, 55 

Production-decline curves, average, graphic 
method of constructing, 80 
composite or “family,” 79 
gas-expansion type, formulas for, 75, 78 
Production-rate depth-pressure type of graph, 83 
Production-rate gas-oil ratio type of graph, 89 
Productive interval, definition of, 10 
Productive zones, consideration of, in planning 
exploitation programs, 67 
definition of, 9 

Productivity, influence of reservoir conditions on, 
52 

of oil fields, per-acre yields, 64 
of wells, relation of to porosity of reservoir rock, 
54 

Productivity factor, specific, 85 
Productivity index, 84 

Profit and loss statement, oil company, 732 
Properties of oil and gas, influence of, on operating 
eJfficiency of the gas lift, 164 
Property register, 710 

Pump, selection of size of, to suit conditions 
presented in well operation, 398 
selection of type of, to suit conditions presented 
in well operation, 397 

Pump efficiency, effects of submergence and 
casing-head pressure on, 267 
importance of gas control in securing pump 
efliciency, 272 

influence of plunger leakage on, 276 
of valve operation and design on, 274 
oil-well pumps, 398 

Pump parts, worn, replacement of, 381 
Pump repairs, pulling a sand-clogged pump, 384 
Pumping, determining most eflScient rate of, 400 
plunger, formation of emulsions in, 517 
power requirements for, 292 
usual method of operation of old wells, 397 
Pumping, band-wheel drives for, 293 
Pumping costs, 410 
Pumping cylinders, pneumatic, 307 
Pumping devices, long-stroke, 300 
Pumping jacks for use in multiple pumping, 332 
Pumping oil through pipes, formula for computing 
necessary power, 652 

Pumping powers for multiple pumping, 317 
Pumping rate, determining, 400 
Pumping stations, oil, arrangement of equipment, 
664 

Pumping systems, multiple, 313 
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Pumping unit, double-reduction gear, 298 
mechanical, 309 

Pumping wells, dynamometer cards for, 268, 259 
factors influencing economic operation of, 396 
Pumps, circulating, for oil-well service, 234, 235 
application of power to obtain high mechanical 
efficiency, 403 

D. & B., for oil-well service, 231 
fluid packed, for oil-well service, 230, 233 
oil-well, factors involved in securing high 
volumetric efficiency, 398 
volumetric efficiency of, 278 
rodiess, 339 

oil-well insert, 229, 232 

plunger, application of power in operation of, 
278 

for surface transfer of oil, 528 
used in pipe-line transportation of oil, 662, 667, 
668 

Purchase of oil-field supplies and equipment, 720 
Purchase requisition, form for, 721 
Purchase-order form, 722 

Push-and-pull system of multiple pumping, 321, 
322 

Pycnometers for determining oil density, 558 

Q 

Quarterly reports, oil company, 732 

P 

Padial characteristics of drainage toward a well, 
48, 368 

Radial-cone tanks, 588 

Radii-averaging instrument for use on orifice- 
meter charts, 571, 572 
Railroad transport of oil, 673 
regulations governing, 675 
Ranney oil-mining system, 466, 467 
Rasmussen head, use of in snubbing tubing, 143 
Rate-cumulative type of production graph, 81, 82 
Reciprocating pumps for oil pipe-line service, 664, 
667, 668 

Recirculating oil to assist in removing sand from 
wells, 359 

Recovery, maximum, management of wells to 
secure, 347 

oil, secondary methods, 414 
from oil-producing properties, factors influenc- 
ing, 52 ^ 

of petroleum, influence of exploitation system 
on, 64 

stimulation of, by injecting gas into reservoir 
rocks, 423 

ultimate recovery-percentage, 69 
Recovery efficiency, filed studies of, 60 
influence of initial field pressure on, 63 
influence of pressure control of wells on, 71 
influence of well spacing on, 67 
laboratory studies of, 62 
Recovery systems, vapor, 533 
Reda duplex reciprocating pump, 344 
Reda multist^e centrifugal pump, 342-344 


Redwood viscosimeter, conversion formula for, 
643 

Refining of petroleum, preliminary, 472 
Regan-Trout-Rasmussen control head for snub- 
bing tubing, 143, 144 
Register, of plant, 710 
of property, 710 
Regulators, gas pressure, 680 
Reinforced-con Crete oil-storage tanks, 602 
construction of, 606 
design of, 605 

Reports, oil company, 727-729 
annual, 729 

Requisition for withdrawal of supplies from ware- 
house, form for, 724 

Reserves of oil in partially depleted American 
fields, 414 

Reservoir, definition of, 9 

Reservoir conditions, influence of, on storage 
capacity and productivity, 52 
in partially depleted fields, methods of deter- 
mining, 416 

Reservoir pressure, 10 *' 

influence of, on operating efficiency of the gas 
lift, 164 

on surface tension of petroleum, 12 
on volatility of petroleum, 13 
restoration of, by gas injection, 423, 424 
Reservoir rocks, influence of properties of on 
efficiency of gravity drainage, 62 
influence of properties of, on efficiency of water 
flooding, 61 

lithologic character of, 2 
oil, permeability of, 7 

vertical and lateral variation in lithologic 
properties of, 8 

Reservoir sand, surface area of grains exposed to 
oil by, 6 

Reservoir temperature, 11 
influence on oil viscosity, 11, 12 
on surface tension of oil, 12 
Reservoirs, for oil storage, concrete lined, 608 
construction, 609 
roofing, 610 
cost of, 632 
earthen, 613 

oil and gas, classification of, in accordance with 
“control” operative, 41 

Reschke, long-stroke pumping attachment, 302 
Residual pjj, distribution of, in a partially depleted 
reservoir rock, 415 

Residual-oil cjj^tent of partially depleted fields, 
methods of determining, 416 
Retractor-type tubing heads, 97 
Reversing gear, for band-wheel drives, 295 
for use with oil-well pumping unit, 296 
Reynolds criterion for use with Fanning equation 
in computing flow of oil through sands, 46, 47 
Rich oil-mining system, 466 
Ritter standing valve, 227, 228 
Riveted-steel conical-roof tanks, 682, 684 
Road and stream crossings, oil pipe line, 662 
Rocker counterbalance for use on shackle in 
multiple pumping, 332 
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Eockers for slaacHe-line support in multiple 
pumping, 326, 327 

Rocking the fluid to start flow in gas-lift opera- 
tion, 190 

Rod grips, polished, for plunger pumping, 249 
Rod rotors for plunger pumping, 249, 250 
Rodless electrically driven reciprocating oil-well 
pump, Reda, 344 

Rodless reciprocating pumps for well pumping, 
339 

Rod-operated plunger displacement pumps for 
oil-well pumping, 218 
principles of operation, 253 
Rod-operated pumps, efl&ciency of, 278 
Rods, polished, for oil-well plunger-pump opera- 
tion, 246 

sucker, character of motion in plunger pumping, 
253 

for oil-well pump operation, 241 
properties of metals used in manufacture of, 
244, 245 

Roof supports for steel tanks, 600, 601 
Roofing concrete-lined reservoiro, 610 
Rotors, rod and tubing, for plunger pumping, 249, 
250 

S 

Salinity of water phase in petroleum emulsions, 
488 

Salt, removalcof, from crude petroleii&, 519 
Salt-water disposal systems, 697 
Salts, precipitated, removal of, from wells, 367 
Salvage value of oil storage containers, 617 
Samples, oil, protection of during transportation, 
651 

Sampling, of oil and gas, 521, 534 
of reservoir rocks to determine residual oil 
content, 416 

Sampling crude petroleum, 545 
Sampling devices, oils, 545 
for securing bottom-hole samples from wells, 
154 

Sampling methods, oil, 649 
accuracy of, 549 

Sand, ability of gas lift to handle, 169 
and pebble screens about wells, natural forma- 
tion of, 348, 349 

and shale, separation of from petroleum, 472 
elimination of, from pump in well operation, 399 
in flowing production, destructive character of, 

oil, number and size of pore spaces in, 6 
surface area of grains exposed, 6 
removal of from wells by circulating oil, 359 
in well fluid, pumping difficulties caused by, 269 
Sand control, types of screen pipe used in, 351 
in well operation, 348 

Sand grain surfaces, penetration of by oil, 44 
Sand-clogged pumps, pulling, 384 
Sand-dump valves, anchor, 270 
Sands, oil, lithologic properties of, 2, 3 
mineral content of, 3 
porosity of, 3 


Sandy oil, design of plunger pumps to handle, 271 
Saturation pressure of petroleum in the reservoir 
rock, defined, 17 

Saybolt viscosimeter, conversion formula for, 643 
Screen opening, determination of proper size of 
for excluding sand from wells, 355 
Screen pipe, used in sand control, types of, 351 
in weUs, pressure-washing with oil to remove 
detrital material, 360 

Screens, coarse sand and pebble, natural forma- 
tion of, 348, 349 

Screwing machine, pipe, 658, 659 
Sea anchorages for oil pipe lines, 662 
Secondary methods of oil recovery, 414 

preliminary field study to determine applica- 
bility of, 416 

Seepage losses from stored oil, 617 
Selective repressuring with gas, 436 
Separation, of gas from oil, stage, 482 
of water from petroleum, 483 
Separators, oil and gas, 474 
arrangement of, 481 

mechanical features of float-controlled sepa- 
rators, 477 

physical conditions presented in operation 
of, 474 

physical principles involved in design and 
operation of, 480 
types of, 475 

use of, on gas-lift wells, 183 
Servicing equipment, electric powered, for well 
servicing, 291 
for wells, 384 

Servicing machines, portable, for well main- 
tenance, 387 

Settled production, defined, 73, 74 
Seven-spot pattern for wells in water flooding, 465 
Shackle-line supports and structures for multiple 
pumping, 324, 327 

Shale, caving of, cause of exclusion of oil from 
wells, 349 

Sharpies supercentrifugal process, 507, 609, 610 
Shedding of oil-storage tanks to reduce tempera- 
ture of stored oil, 628 
Shipping, of crude petroleum, gaging, 566 
of petroleum, 521 

Shock absorbers, rod, for plunger pumping, 249 
Shooting wells to form cavities in hard reservoir 
rocks, 370-373 

Shop-perforated pipe for excluding sand from 
wells, 351 

Shops, oil field, 686 
Site for oil storage, selection of, 616 
Size, of pump for well operation, selection of, 398 
of well cavities, methods of determining, 379 
Size distribution of grains in representative oil 
sands, 4 , 

Slippage of gas through oil in flowing wells, 118 
Slotted pipe for exdusion of sand from wells, 352 
^ow-motion pumping vs. intermittent pumping, 
relative efficiencies, 277 
Slug flow of fluids in flowing wells, 95 
Snubbing tubing into and out of high-pressure 
flowing wells^ 141 
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Sockets, sucker rod, 386 
Soda, use of as a water-flooding agent, 449 
Solid hydrocarbon accumulations in wells, causes 
of and methods of removal, 362-366 
Solids, in petroleum, suspended, determination of 
amount of, 658 

suspended, separation of from petroleum, 472 
Solubility of gas in oil, 165 
of natural gas in petroleum, 17 
effect of pressure and temperature on, 19 
Solution capacity of crude petroleum for natural 
gas, 17 

Solvents, use of in removing wax accumulations 
from wells, 364 
Spears, tubing, 386 
Specific gravity of petroleum, 552 
Specific-gravity bottles for determining oil 
density, 658 

Specific-gravity conversion chart, 645 
Specific productivity or permeability factor, 85 
Spherical tanks, 590, 692 
Spheroidal tanks, 590, 593 
Spider, tubing, 383 
Stage gas lifts, 198 
Stage trapping of gas from oil, 482 
Standard depth-pressure recording apparatus, 
149, 150 

Standard “end” equipment for beam operation of 
oil-well plunger pumps, 220 
Standard pipe, material used in manufacture, 653, 
656 

table of dimensions, weights and diameter func- 
tions, 649, 653 

Standing valves for oil-well plunger pumps, types 
of, 227 

Standing-valve pulling devices, 222, 223 
Static electricity hazards, protection of stored oil 
against, 620 

Steam power for operation of oil-well plunger 
pumps, 279 

Steel storage tanks, methods of minimizing corro- 
sion of, 630 

Steel tanks, types of, 680 
Steel-tank design, riveted, 695 
specifications, 596 
Stop-cocking, 108 

Storage, of natural gas in depleted reservoir 
strata, 443 

of oil, factors in selection of site and type of 
storage, 615 

fire prevention and control in, 619 
initial, at the, well, 521 
in surface sumps, 522 
in tanks, 524 
of petroleum, 679 
local, 521 

Storage capacity, influence of reservoir conditions 
on, 62 

Storage tanks, types of, 579, 580 
Storehouses, oil field, 695 
Stores, oil field, 701 

purchase and distribution of, 720 
Stores record card, form for, 723 
Stores requisition form, 724 


Strapping tanks for oil gaging, 535, 536 
Stream and road crossings, oil pipe-line, 662 
Stresses, sucker rod, 255 

Stripping of light fractions from oil in gas-lift 
operation, 164 

Stroke, change in, due to stretch of rods, formulas 
for computing, 264, 265 
length of, in plunger pumping, 264 
of rods in pumping wells, devices for lengthen- 
ing, 300 

timing of, in plunger pumping, 265 
Structure, influence of, on oil accumulation, 28 
Submergence, effects of, on plunger pump effi- 
ciency, 267 

Subsurface pressures in wells, measurement and 
applications of, 147 

Sucker rods, character of motion, in plunger 
pumping, 263 

elastic elongation of, under static stress, 261 
elastic properties of, in plunger pumping, 254 
parted, repairing, 384 

properties of metals used in manufacture of, 
244, 246 

Sucker-rod elevathrs, 381 ** 

Sucker-rod guides, 246, 247 
Sucker-rod hangers, 382 
Sucker-rod joints, types of, 243 
Sucker-rod sockets, 385 
Sucker-rod stresses, 255 
use of dynamometers in measuring, 256 
Sucker-rod jgtrings, tapered, 256 
Sugarland field, Texas, pressure^maintenance 
project, 428 

Sullivan pneumatic pumping cylinder, 308 
Sumps, for oil storage, 522 
surface, for settling suspended solids from 
petroleum, 473 

Surface tension of petroleum, influence of dis- 
solved natural gas on, 25 
influence of reservoir temperature and 
pressure on, 12 

Surging of flowing wells, 107, 125 
Suspended solids, in petroleum, determination of 
amount of, 658 

separation of, from petroleum, 472 
Suspense accounts, 707 
Swabbing, to promote flow of wells, 111 
Swabbing oil from wells, 217 
Swing pipe, swivel joint for steel tanks, 601 
Swing post for shackle-line support in multiple 
pumpjng, 326 

Swings for changing direction of shackle lines in 
multiple ^tjmping, 328, 329 

T 

Tank accessories, 599 
Tank cars, railroad, for oil transport. 673 
Tank construction, 598 
Tank design, specifications for, 596 
steel riveted, 695 
Tank foundations, 697 
Tank tables, preparation of, 636 
Tanks, for initial storage of oil, 524 
oil flow, for use with gas-lift well, 184 



754 


OIL FIELD EXPLOITATION 


Tanks, oil storage, cost of, 632 

steel, types of, 580 

vertical cylindrical, formulas for computing 
capacity of, 636 
Tape, steel, for oil gaging, 538 
Tapered eduction tubes, use of, in gas-Hfting, 176 
Tapered sucker-rod strings, 256 
Tapered tubing, use of, in flowing wells, 140 
Telemeter, for measurement of stresses in sucker 
rods at pumping wells, 256, 260 
Telemeter record, 260 
Telepbone system along oil pipe lines, 662 
Temperature, average, of oil flowing through 
pipes, 644 

chart showing influence of on specific gravity of 
oil, 645 

effect of, on solubility of natural gas in petro- 
leum, 19 

of input gas, influence of, on efl&ciency of 
operation of the gas-lift, 163 
reservoir, 11 

influence on oil viscosity, 11, 12 
on surface tension of oil, 12 
on volatility* of petroleum, 13 
standard, for oil gravity tests, 552 
Temperature corrections, in gaged oil volumes, 
544 

for observed gravity readings, 555 
Temperatures, at different depths in flowing 
wells, 115, 117 
in oil storage tanks, 627 
Testing laboratories, oil field, 692 ^ 

Testing, natural gas, 565 
of oil and gas, 521, 534 
oil pipe lines, 662 

Tests applied to crude petroleum, field, 551 
Thermohydrometers, 552, 564 
Thief sands, cause of underground oil loss, 69 
Thieves, oil, for sampling, 545 
Threaded joints, coupling pipe with, 658 
Throw-off devices for use in detaching shackle 
lines from power in multiple pumping, 331 
Time of drilling wells, influence of, on ultimate 
production, 68 

Time factor in oil production, 56 
Time records, 717 

Timing of stroke in plunger pumping, 265 
Tongs, tubing, 383 
Tool racks, oil field, 696 
Top-water exclusion in well maintenance, 391 
Torque-arm type of well-pumping unit, 311, 313 
Towers for protection of stored oil against light- 
ning hazards, 622 r ^ 

Transfer pumps for oil gathering systems, 528 
Transmission lines, high-pressure gas, for use in 
operation of gas-lift wells, 187 
Transport of oil, railroad, 673 
regulations governing, 675 
water, 672 

Transportation, of oil, and gas, 635 
by motor truck, 675 
oil field, 689 

Trapping of gas from oil, stage, 482 
Traps, gas (see Gas traps) 


Traps, water, 515 

Traveling valves for oil-well pumps, 228, 230 
Trenching for oil pipe lines, 657 
Tret-O-Lite, chemical dehydrating reagents, 501, 
502 

cost of, 505 

field methods of applying, 502 
Triangular pumping jacks for use in multiple 
pumping, 333 

Truck transport of oil, motor, 675 
Tubing, eduction, in gas-lifting, 176 

influe ncAftO f depth of lower end of, on effi- 
e^^y of operation of the gas lift, 166 
of size of, on efficiency of operation of gas 
lift, 165 

elongation and contraction of, due to pumping 
stress, 263 
flowing wells, 136 

advantages of, 136, 137 
selection of size of tubing, 137 
formula for computing size of, 263 
for flowing wells, maximum rates of flow recom- 
mended, 139 

in wells, proper proportioning to promote flow, 
111 

methods of inserting in high-pressure flowing 
wells, 141 

oil well, properties of materials used in manu- 
facture of, 239 

types, sizes and dimensions, 236, 237 
parted, repairing, 384 
tapered, use of in flowing wells, 140 
Tubing anchors, 240 
Tubing catchers, 144, 145, 238, 240 
Tubing checks, 241 
Tubing drains, 240 
Tubing elevators, 381, 383 
Tubing hangers, 238 
Tubing heads for pumping weUs, 251 
Tubing hooks, 383 

Tubing installations for flowing wells, design of, 
137 

Tubing length and diameter, pressure control of 
flowing wells by varying, 130 
Tubing rotors for plunger pumping, 249 
Tubing spears, 386 
Tubing spider, 383 
Tubing tongs, 383 

Turbulent flow of oil through pipes, 640 

U 

Ultimate percentage recovery of petroleum, 59 
Ultimate production, influence of time of drilling 
on, 68 

Ultimate recovery, increased through use of gas 
lift, 170 

influence of exploitation system on, 64 
of oil-producing properties, factors influenc- 
ing, 52 

Unit control of oil fields desirable in gas-drive 
operations, 442 

Unit production costs, American oil fields, 405 
Units, mechanical pumping, 309 
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V 

Vacuum, application of, to wells to increase oil 
recovery, 417 

influence of, on gasoline content of gas, 419 
on gravity of oil, 419 

Vacuum pumping, economic aspects of, 422 
practical aspects of, 421 

Value of future production, present-day, increased 
through iise of gas lift, 172 
Valve cages for oil-well plunger pumps, 226, 230 
Valve control for gas-lift wells, 180 
Valve operation and design, influence of, on 
plunger-pump efficiency, 274 
Valves, control, for flowing wells, 98 

gages and fittings, control by, on gas-lift wells, 
176 

kick-off, for use in starting gas-lift wells, 177, 
178 

and seats for oil-well plunger pumps, 226 
standing, for oil-well plunger pumps, types of, 
227 

Vapor recovery systems, 533 
Velocity, of flow, of fluids in operation of the gas 
lift, 167 

' in tubing of flowing wells, 117 
of plunger in oil-well pumping, 266 
Vez, chemical dehydrating reagents, 501 
Victaulic couplings, 679 

Viscosity, of oil, absolute, determination of, 643 
in reservoir rock, influence of temperature on, 
11 

of petroleum, influence of dissolved natural gas 
on, 24 

Viscosity charts, logarithmic, 646 
Viscosity conversion chart, 644 
Viscous flow of oil through pipes, 639, 640 
Volume, of gaged oil, temperature corrections 
for, 544 

of input gas, adjustment of in operation of 
gas-lift wells, 192 

of input gas, influence of on efficiency of the gas 
lift, 163 

of oil-gas mixtures at elevated pressures in the 
reservoir rock, 25 

of petroleum, influence of dissolved gas on, 21 
Volume-control devices for use on gas-lift wells, 
179, 181, 182 

Volume- and pressure-control equipment, natural 
gas, 532 

Volumetric “control,” concept of expulsion of 
petroleum from the reservoir rock, 34, 41 
Volumetric efficiency, of oil-well pumps, factors 
in, 398 

of rod-operated pumps, 278 
W 

Warehouses, oil field, 695 

Washing well screens with oil under pressure to 
remove detrital material, 360, 361 
Water, bottom, use of gas-lift’ in controlling 
incursion of, 170, 171 

connate, presence of in the oil reservoir, 27 


Water, edge, expulsion of oil from reservoir rocks 
by, 38 

emulsification of with oil in gas-lifting, 172 
in oil, determination of amount of, 668 
centrifuge method, 559 
distillation method, 562 
heat and chemical treatment, 564 
in petroleum, condition of, 484 
often highly saline, 488 
water globules electrically charged, 489 
locating source of and point of entry in wells, 
389 

selection and treatment of for use in flooding 
operations, 458 

separation of from petroleum, 483 
Water content of petroleum emulsions, influence 
of on stability, 488 

Water exclusion, interrelationship of wells in, 396 
from wells with aid of chemical reagents, 395 
in well maintenance, 388 
Water flooding, cost of producing petroleum by, 
468 

efficiency of, 61 

for recovery^ of residual oil from partially 
depleted oil fields, 444 

arrangement of producing and injection wells, 
453 

effect of flood-water pressure on well spacing, 
development and production cost and 
recovery efficiency, 457 
historical development, 451 
influence of structure, depth apd permeability 
of reservoir rock on spacing and arrange- 
ment of wells, 456 
theoretical aspects, 445 
use of back pressure on wells, 469 
Water supply in oil field, 697 
Water transport of oil, 672 
Water traps, 615 

Water witch, use of, in locating point of water 
entry in wells, 390 
Water-disposal systems, 697 
Water-finding devices, 540 

Water-flooding practice in the Bradford field, 452 
Water-seal riveted tanks, 684, 586 
Water-top wood-stave tanks, 693, 594 
Wax accumulations in wells, causes of and 
methods of removal, 362-366 
in wells operated by gas-lift, 173 
Welded tanks, 582 
Welding pipe-line joints, 660 
Well ac'Sumulations, methods removal and of 
minimizisig formation, 347 
Well cavities, increasing drainage efficiency by 
formation of, 368 

methods of determining size df, 379 
methods of formation, 369 
provision of to promote flow, 112 
Well equipment, maintenance of, 380 
Well spacing, influence of, on recovery efficiency, 
67 

Well-production records, form for, 726 

Well-pulling service, power requirements for, 292 
WeU-pumping systems, 313 
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Well-servicing equipment, 384 
electric-powered, used in Salt Creek field, 
Wyoming, 291 

Westphal specific-gravity balance, 658 
Wet gas and liquid hydrocarbon condensates as 
gas-driving mediums, 440 
Wet oils, factors controlling accuracy of hydrom- 
eter tests of, 664 

Weymouth formula for gas pipe-line design, 677 
Wiggins balloon for reducing breathing losses 
from oil-storage tanks, 629 
Wiggins breather-roof tanks, 587 
Wiggins floating-roof tanks, 688, 689 
Winches, portable, for well maintenance, 387 
Wire network for protection of stored oil against 
lightning hazards, 622, 623 
Wire-line plunger pumping equipment, 252 
Wire-wrapped screen pipe for excluding sand from 
wells, 352, 353 


Wooden roofs on steel tanks, 690 

Wood-stave tanks, 691 

Work done by expansion of gas, formulas for com- 
puting, 116 

Working barrel extensions for oil-well plunger 
pumps, 224 

Working barrels for oil-well plunger pumps, 223 

Working valves for oil-well pumps, 228, 230 

Wrappings, pipe line, for protection against cor- 
rosion, 671 

y 

Yields of petroleum, per acre, 64 
Z 

Zone, productive, definition of, 9 

Zones of production, consideration of, in planning 
exploitation programs, 67 



